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Alergija po piku ĉebele je nevarno bolezensko stanje, saj lahko povzroĉi hude, v nekaterih 
primerih ţivljenjsko ogroţajoĉe anafilaktiĉne reakcije, obenem pa je specifiĉna imunoterapija 
s ĉebeljim strupom dolgotrajna, naporna in povzroĉa neţelene stranske uĉinke, zato obstaja 
potreba po novih uĉinkovinah in alternativnih strategijah zdravljenja.  
Eno izmed perspektivnejših skupin novih imunoterapevtikov predstavljajo peptidni 
mimetiki epitopov alergenov (mimotopi). Po principu molekularne mimikrije so mimotopi 
sposobni sproţiti zelo podoben ali celo enak imunski odziv, kot epitopi, katere posnemajo. 
Poslediĉno lahko v imunoterapiji predstavljajo nadomestne ligande za alergene. V primerjavi 
z alergeni je njihova prednost v tem, da, kot kratki peptidi, nimajo vezavnih mest potrebnih za 
premreţenje IgE na površini efektorskih celic.  
Zaradi potencialne terapevtske uporabnosti smo v okviru doktorskega dela poiskali 
mimotope poglavitnega alergena ĉebeljega strupa, Api m 1. Z rešetanjem bakteriofagnih 
knjiţnic kratkih nakljuĉnih peptidov na tarĉnih protitelesih IgG, usmerjenih proti Api m 1, 
smo odkrili kolekcijo 46 edinstvenih peptidov. V testih vrednotenja je 36 peptidov izkazovalo 
moĉno in specifiĉno vezavo do tarĉnih protiteles ter kompeticijo z Api m 1 za iste paratope 
(ali vezišĉa v neposredni bliţini). Med peptidi smo odkrili dva izrazita aminokislinska motiva 
GP[S/N/D]ELG[R/K/H] in D[K/R/H]SKP(H). Vpliv prispevka posameznih aminokislinskih 
ostankov znotraj motiva za vezavo na tarĉna protitelesa smo ocenili s testom alaninskega 
rešetanja. Pri linearnem mimotopu GRMGPSELGPVIG sta se glutaminska kislina in lizin 
izkazali kot kljuĉni za vezavo, medtem ko alaninske razliĉice cikliĉnega mimotopa 
GCWDSLGRAC niso obdrţale vezavnih lastnosti izvornega peptida. Aminokislinska 
zaporedja pridobljenih peptidov smo in silico prilegali na Api m 1 in doloĉili epitopa, ki 
gradita površinsko izpostavljeni zanki znotraj regije 17-24 na N-koncu Api m 1 in znotraj 
regije 119-124 na C-koncu. Za namen aktivne imunizacije smo na podlagi analize rezultatov 
našega raziskovalnega dela in podatkov iz literature izbrali majhni plašĉni protein pIII iz 
bakteriofaga M13 kot samostojni nosilec mimotopov. Štiri predstavnike identificiranih 
epitopov smo sintetizirali in jih hkrati pripravili kot fuzijske proteine z nosilcem pIII, tako da 
smo jih izolirali iz periplazme E. coli. Tako pripravljenim konstruktom in sinteznim peptidom 
smo ovrednotili njihov imunoterapevtski potencial. Ker smo v procesu selekcije kot tarĉna 
protitelesa uporabili IgG iz zajĉjega seruma, smo preverili ali mimotopi ohranijo sposobnost 
vezave na protitelesa IgE iz seruma pacientov, alergiĉnih za strup ĉebele. S testom 
toĉkovnega nanosa  (ang. dot blot) smo potrdili, da se IgE iz seruma 12 pacientov, reaktivnih 
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na Api m 1, specifiĉno veţejo na štiri izbrane mimotope, spojene z nosilcem pIII, kar potrjuje, 
da so identificirani epitopi relevantni za oba izotipa protiteles. S pomoĉjo testa aktivacije 
bazofilcev (ang. basophil activation test, BAT) smo ugotovili, da mimotopi, spojeni s pIII, ne 
aktivirajo bazofilcev, torej niso alergogeni. Po stimulaciji s sinteznimi peptidi prav tako nismo 
zaznali aktivacije bazofilcev, s ĉimer smo izkljuĉili moţnost, da peptidni mimotopi aktivirajo 
bazofilce preko drugih od IgE neodvisnih mehanizmov. Dodatno smo preverili, ali lahko 
peptidni mimotopi, z blokado vezavnih mest na IgE, prepreĉijo degranulacijo bazofilcev, ki jo 
sproţi alergen Api m 1. Preliminarni rezultati kaţejo, da ni razlik med aktivacijo bazofilcev, 
ki jo je povzroĉi Api m 1, in aktivacijo, ki jo je povzroĉil Api m 1 v prisotnosti mimotopov. 
Vseeno opisan koncept predstavlja osnovo za nadaljnji razvoj tega novega pristopa k 
zdravljenju alergij. Vpliv mimotopov na T celiĉni odziv smo ovrednotili z doloĉanjem 
citokinov v kulturi mononuklearnih celic iz periferne krvi alergiĉnih pacientov. Ĉebelji strup 
in Api m 1 sta spodbudila preteţno citokine Th2, medtem ko je mimotop, spojen s pIII, 
poveĉal izloĉanje interferona gama (IFN-γ), kar nakazuje premik citokinskega profila iz Th2 v 
Th1. Izsledki raziskave tako opredeljujejo mimotope Api m 1 kot obetavne uĉinkovine za 
nadaljni razvoj hipoalergenih uĉinkovin za varnejšo imunoterapijo alergije po piku ĉebele.  
V drugem delu doktorske disertacije smo tehnologijo rešetanja bakteriofagnih knjiţnic 
uporabili za doloĉitev epitopov poglavitnega alergena ambrozije, Amb a 1, pri katerem je 
dodaten izziv predstavljalo dejstvo, da tridimenzionalna struktura proteina ni znana. Odkrili 
smo 6 peptidov, ki so specifiĉno vezali tako na tarĉna protitelesa IgG, usmerjena proti Amb a 
1 kot tudi na IgE iz zmesi serumov alergiĉnih pacientov. Izselekcionirani peptidi so se le 
šibko ujemali s primarnim zaporedjem Amb a 1, kar je nakazovalo, da so epitopi 
konformacijski. Za doloĉitev konformacijskih epitopov smo peptide prilegali na homologni 
tridimenzionalni model Amb a 1, ki smo ga izdelali v raĉunalniškem  programu za 
molekulsko modeliranje Phyre
2
. Po prileganju smo z EpiSearch analizo definirali lokacijo 
moţnih epitopov na površini molekule okoli aminokislinskih ostankov K104, S110, H214 in 
W312. 
V zadnjem delu smo se lotili razvoja nove metode za soĉasno analizo veĉ alergenov v 
testu aktivacije bazofilcev (multipleks BAT) s pomoĉjo fluorescenĉnega oznaĉevanja 
alergenov z nanokristali Qdot. Poglavitna alergena ĉebeljega strupa, Api m 1 in Api m 2, smo 
konjugirali z nanokristali Qdot dveh razliĉnih velikosti ter primerjalno ovrednotili njihovo 
primernost za analizo veĉ alergenov hkrati. Uporabili smo nanokristale karboksil-Qdot, pri 
katerih vezava na alergen poteka preko karboksilne skupine in amino-Qdot, pri katerih vezava 
poteka preko aminske skupine. Potrdili smo, da oznaĉevanje alergenov tako z nanokristali 
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karboksil- kot tudi z amino-(PEG)-Qdot ni vplivalo na njihovo IgE reaktivnost. Nasprotno pa 
se je alergogena aktivnost oz. sposobnost prekriţanja IgE na površju bazofilcev ohranila le pri 
alergenih, oznaĉenih z nanokristali amino-(PEG)-Qdot. Slednje smo nato uporabili v 
multipleks testu BAT in rezultat obiĉajne analize BAT primerjali z rezultatom multipleks 
BAT. Ugotovili smo ujemanje pri 15 od 17 bolnikov in 6 od 6 kontrolnih osebah s 
primerljivimi krivuljami odziva na alergen, na podlagi ĉesar sklepamo, da so alergeni, 
oznaĉeni z nanokristali amino-(PEG)-Qdot, uporabni za soĉasno analizo aktivacije bazofilcev 
z veĉ alergeni. Multipleks BAT je pomembna nadgradnja trenutnega testa, ki bo pocenil in 
olajšal diagnostiĉno obravnavo dvojno pozitivnih in polisenzibiliziranih bolnikov, obenem pa 
odpira nove moţnosti za raziskave, kot je na primer preuĉevanje razporeditev površinskih IgE 
na efektorskih celicah. 
 
  




Bee sting allergy is a dangerous disease condition which can cause severe, in some cases life-
threatening anaphylactic reactions. Due to the fact that bee venom immunotherapy is time-
consuming and laborious, frequently accompanied by side effects, new therapeutic agents and 
alternative treatment strategies are needed. 
One of the promising groups of new immunotherapeutics is peptide mimetics of 
allergen epitopes (mimotopes). On the basis of molecular mimicry, mimotopes can elicit a 
very similar or even the same immune response as epitopes which they mimic. They may 
therefore represent substituting ligands for allergens in immunotherapy. As short peptides 
mimotopes do not have the binding sites required for cross-linking of IgE on the surface of 
effector cells which represents their advantage over allergens.  
Due to the potential therapeutic utility, we aimed to identify mimotopes of the major 
bee venom allergen, Api m 1. By screening bacteriophage library of short random peptides 
against target anti-Api m 1 IgG antibodies we discovered a collection of 46 unique peptides. 
In evaluation assays, 36 peptides showed strong and specific binding to target antibodies and 
effectively competed with Api m 1 for the same paratopes (or sites in the close proximity). 
The peptides contained two distinct amino acid motifs either GP[S/N/D]ELG[R/K/H] or 
D[K/R/H]SKP(H). The contribution of individual amino acid residues within the motif to the 
target antibody binding was assessed by alanine screening assay. In the GRMGPSELGPVIG 
linear mimotope, glutamic acid and leucine proved to be critical for binding, whereas alanine 
variants of the GCWDSLGRAC cyclic mimotope did not retain the binding properties of the 
parental peptide. We then mapped amino acid sequences of the obtained peptides to Api m 1 
in silico and determined the epitopes on the surface-exposed loops within the 17-24 region at 
the N-terminus of Api m 1 and within the 119-124 region at the C-terminus.  
Based on our research results and literature data we selected small coat protein pIII from M13 
bacteriophage as a carrier of mimotopes for active immunization. Four representatives of the 
identified epitopes were synthesized and isolated as pIII-fused proteins from the periplasm of 
E. coli. Immunotherapeutic potential of pIII-fused constructs and synthetic peptides were 
evaluated. Given that rabbit IgG were used as target antibodies in the selection process, we 
checked whether the mimotopes retained the ability to bind to IgE from patients´ serum. The 
dot blot assay confirmed that IgE from the serum of 12 patients, reactive to Api m 1, 
specifically bind to four selected pIII-fused mimotopes, thus verifying that the identified 
epitopes are relevant for both antibody isotypes. Using a basophil activation assay (BAT), we 
Abida Zahirović - Doktorska disertacija                                                                                       Abstract 
v 
 
confirmed that pIII-fused mimotopes did not activate basophils i.e they are non-allergenic. 
Also, no basophil degranulation was detected after stimulation with synthetic peptides, thus 
excluding the possibility that peptide mimotopes would activate basophils via other IgE-
independent mechanisms. We further examined whether peptide mimotopes, by blocking 
binding sites to IgE, can prevent basophil degranulation triggered by Api m 1 allergen. 
Preliminary results indicate that there is no difference between basophil activation induced by 
Api m 1 and activation induced by Api m 1 in the presence of mimotopes. Nevertheless, the 
described concept represents the basic platform for further development of this new approach 
to treating allergies. The effect of mimotopes on the T cell response was evaluated by 
measuring the cytokines in the cultures of peripheral blood mononuclear cells from allergic 
patients. Bee venom and Api m 1 stimulated predominantly Th2 cytokines, whereas the pIII-
fused mimotope increased interferon-gamma (IFN-γ) secretion, suggesting a shift in the 
cytokine profile from Th2 to Th1. The results of the research thus identify mimotopes Api m 
1 as promising candidates for the further development of hypoallergenic therapeutic agents 
for safer immunotherapy of bee sting allergy. 
In the second part of the doctoral dissertation, we performed a screening of 
bacteriophage short peptide libraries to determine the epitopes of the main ragweed allergen 
Amb a 1 where an additional challenge was the fact that the three-dimensional structure of the 
protein is unknown. We detected 6 peptides that specifically bound both target IgG antibodies 
directed against Amb a 1 as well as IgE from a mixture of sera from allergic patients. The 
selected peptides only weakly aligned with the Amb a 1 primary sequence, thus suggesting 
that the epitopes are conformational. To determine the conformational epitopes, the peptides 
were mapped onto the homologous three-dimensional model of Amb a 1 generated with a 
program for molecular modelling Phyre
2
. By using EpiSearch analysis after mapping, we 
defined the location of possible epitopes on the surface of the molecule around the amino acid 
residues K104, S110, H214 and W312. 
In the last part, we developed a new method for the simultaneous analysis of several 
allergens in the basophil activation test (BAT multiplex) using fluorescence labelling of 
allergens with Qdot nanocrystals. The main allergens of bee venom, Api m 1 and Api m 2, 
were conjugated with Qdots of two different sizes and their suitability for the analysis of 
several allergens simultaneously was evaluated. Binding of carboxyl-Qdot to allergen is 
attained via carboxyl group, whereas amino-Qdot binds to allergen via an amine group. We 
confirmed that the labelling of allergens with both carboxyl- and amino-(PEG)-Qdot did not 
affect their IgE reactivity. In contrast, allergenic activity i.e. the ability to cross-link IgE on 
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the surface of basophils was maintained only in allergens labelled with amino-(PEG)-Qdot 
nanocrystals. The latter were then used in the multiplex BAT and the result of the BAT 
analysis was compared with the result of the multiplex BAT. Matching results were found in 
15 of 17 patients and 6 of 6 controls with comparable allergen response curves, suggesting 
that allergens labelled with amino-(PEG)-Qdot nanocrystals are suitable for concomitant 
analysis of basophil activation with multiple allergens. Multiplex BAT represents an 
important improvement of the current test, which will reduce the cost and facilitate the 
diagnostic workup of double-positive and polysensitized patients, while opening up new 
possibilities for research, such as studying the distribution of surface IgE on effector cells. 
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Kratica Slovenski izraz Angleški izraz 
APC antigen predstavitvena celica antigen presenting cell 
BAT test aktivacije bazofilcev basophile activation test 




celice Th1 celice T pomagalke tipa 1 type 1 T helper cells  
celice Th2 celice T pomagalke tipa 2 type 2 T helper cells  
celice Treg regulatorne T-celice regulatory T cells 
cfu kolonijsko število colony forming units 
DNA deoksiribonukleinska kislina deoxyribonucleic acid 
EAACI Evropska akademija za alergijo in 
kliniĉno imunologijo 
European Academy of Allergy and 
Clinical Immunology 
ELISA encimsko-imunski test na trdnem 
nosilcu 
enzyme-linked immunosorbent assay 
HRP hrenova peroksidaza horseradish peroxidase 
IgE imunoglobulin E immunoglobulin E 
IgG imunoglobulin G immunoglobulin G 
IFN-γ interferon gama interferon gamma 
IL interlevkin interleukin 
MHCII molekule poglavitnega 
histokompatibilnostnega kompleksa 
razreda II 
Major histocompatibility complex 
class II 
PBMC mononuklearne celice iz periferne 
krvi 
peripheral blood mononuclear cells 
PBS(T) fosfatni pufer (z dodatkom Tween 20) phosphate buffered saline (with 
Tween 20) 
PEG polietilenglikol polyethylene glycol 
SIT specifiĉna imunoterapija allergen specific immunotherapy 
TGF-β transformirajoĉi rastni dejavnik beta transforming growth factor beta 
TBS(T) Tris pufer (z dodatkom Tween 20) Tris buffered saline (with Tween 20) 
VLP Virusom podobni delci Virus like particles 
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PREDSTAVITEV DELA IN HIPOTEZE 
Specifiĉna imunoterapija (SIT) je naĉin zdravljenja alergije, pri katerem poskušamo s 
ponavljajoĉimi se aplikacijami alergena zmanjšati imunsko in kliniĉno odzivnost pacientov na 
strup ţuţelke, da ob ponovnem piku ne pride do vnoviĉne sistemske alergijske reakcije. Za 
SIT alergije po piku ĉebele so danes pacientom na voljo le naravni ekstrakti alergenov, ki 
lahko povzroĉijo neţelene uĉinke v obliki laţjih ali teţjih alergijskih reakcij. Slednje 
nastanejo zaradi interakcije nativnih alergenov iz ekstrakta z IgE na membrani bazofilcev in 
mastocitov. Sistemske alergijske reakcije med imunoterapijo so lahko usodne še posebej pri 
bolnikih s pridruţenimi dejavniki tveganja, kot so srĉnoţilna obolenja. Zato obstaja potreba 
po razvoju imunoterapevtikov z zmanjšano alergogenostjo, ki bi jih lahko uporabili za 
varnejšo in kratkotrajnejšo imunoterapijo brez tveganja za nastanek neţelenih uĉinkov. Tem 
zahtevam ustrezajo mimotopi. To so kratki peptidi, ki posnemajo fizikalno kemijske lastnosti 
epitopov alergenov, vendar nimajo vezavnih mest potrebnih za prekriţanje IgE na površju 
efektorskih celic, zato bi lahko predstavljali varno alternativo alergenom v imunoterapiji. 
Obenem bi njihova aminokislinska zaporedja lahko uporabili za in silico doloĉitev epitopov 
alergenov, ki jih mimotopi posnemajo. 
 
Poglavitni namen našega dela je bil odkriti mimotope glavnega alergena ĉebeljega 
strupa Api m 1, ki bodo ob vezavi na ustrezni imunogeni nosilec uporabni za aktivno 
imunizacijo alergije po piku ĉebele. Kot potencialen nov pristop za zdravljenje alergij smo 
ţeleli tudi preizkusiti, ali so sintezni mimotopi sposobni zavirati aktivacijo bazofilcev, ki jo 
povzroĉi alergen. V kombinaciji z raĉunalniškimi orodji za molekulsko mapiranje smo 
mimotope, izolirane iz bakteriofagnih knjiţnic, uporabili za doloĉanje epitopov. Tako smo 
identificirali glavna epitopa alergena Api m 1, nato metodologijo uporabili tudi za doloĉanje 
epitopov glavnega alegrena ambrozije Amb a 1, pri katerem je dodaten izziv predstavljalo 
dejstvo, da tridimenzionalna struktura proteina še ni znana. Alergogenost peptidnih 
mimotopov smo testirali z ex vivo diagnostiĉno metodo testa aktivacije bazofilcev (BAT) in 
smo se dodatno posvetili nadgradnji te metode s ciljem vzpostaviti multipleks test BAT, ki bi 
omogoĉil soĉasno analizo aktivacije bazofilcev z veĉ alergeni v manjšem številu testnih 
vzorcev. V ta namen smo glavna alergena ĉebeljega strupa Api m 1 in Api m 2 oznaĉili z 
nanokristali Qdot in primerjalno ovrednotili njuno primernost za multipleks metodo.  
 
V okviru doktorskega dela smo si postavili naslednje hipoteze: 
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1. Peptidi, pridobljeni z afinitetno selekcijo iz bakteriofagnih knjiţnic bodo predstavljali 
mimetike epitopov in omogoĉili identifikacijo glavnih epitopov alergena Api m 1. 
2. Peptidni mimotopi Api m 1 bodo ohranili sposobnost vezave protiteles IgE iz serumov 
alergiĉnih pacientov. 
3. Predpostavljamo, da peptidni mimotopi Api m 1 in njihovi analogi, vezani na 
imunogeni proteinski nosilec, ne bodo aktivirali bazofilcev alergiĉnih pacientov in da 
bodo peptidni mimetiki blokirali posamezne IgE na površini bazofilcev in s tem 
prepreĉili vezavo alergena, premreţenje dveh sosednjih IgE ter aktivacijo bazofilcev. 
4. Predpostavljamo, da bodo analogi mimotopov alergena Api m 1, vezani na imunogeni 
proteinski nosilec, zmoţni sproţiti izloĉanje citokinov, ki so znaĉilni za Th1 celiĉni 
odziv. 
 
V doktorski disertaciji so v uvodnem poglavju predstavljene osnovne znaĉilnosti 
alergijskega odziva po piku ĉebele in pomanjkljivosti konvencionalne imunoterapije s 
strupom ĉebele ter potencial mimotopov v imunoterapiji alergijskih bolezni. 
Prvo poglavje je sestavljeno iz dveh preglednih znanstvenih ĉlankov. Prvi objavljen 
pregledni znanstveni ĉlanek obravnava nove terapevtske pristope, ki jih razvijajo za 
izboljšanje imunoterapije s ĉebeljim strupom. Drugi objavljen pregledni znanstveni ĉlanek 
opisuje dostavne sisteme za alergene ali peptidne fragmente alergenov v imunoterapiji alergij, 
ki temeljijo na mikroorganizmih in njihovih strukturnih delih.  
Rezultati raziskovalnega dela in spoznanja na njihovi osnovi so predstavljeni v štirih 
poglavjih, ki vkljuĉujejo tri objavljene izvirne znanstvene ĉlanke in poglavje v obliki 
pripravljenega ĉlanka za objavo. 
V drugem poglavju smo se osredotoĉili na iskanje in vrednotenje peptidnih mimotopov 
glavnega alergena ĉebele Api m 1, ki bi jih lahko uporabili v imunoterapiji. V objavljenem 
ĉlanku smo opisali identifikacijo mimotopov glavnega alergena ĉebele Api m 1, in silico 
doloĉitev epitopov na podlagi aminokislinskih zaporedij identificiranih mimotopov, izolacijo 
mimotopov v fuziji z nosilcem (majhnim plašĉnim proteinom pIII iz nitastega bakteriofaga 
M13), potrditev interakcije izbranih mimotopov z IgE iz seruma alergiĉnih pacientov ter 
vrednotenje alergogene aktivnosti izbranih mimotopov v testu aktivacije bazofilcev in 
citokinskega odziva v kulturi perifernih mononuklearnih celic alergiĉnih bolnikov. 
Tretje poglavje vkljuĉuje doloĉanje kljuĉnih aminokislinskih ostankov, odgovornih za 
vezavo mimotopov Api m 1 na tarĉna protitelesa z alaninskim rešetanjem, ter testiranje 
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potenciala mimotopov, da prepreĉijo degranulacijo bazofilcev, ki jo povzroĉi Api m 1. 
Poglavje je napisano v obliki ĉlanka, ki je pripravljen za recenzijo.  
Četrto poglavje vkljuĉuje rezultate dodatnega raziskovalnega dela, v katerem smo 
doloĉili mimotope glavnega alergena ambrozije, Amb a 1, in aminokislinska zaporedja 
pridobljenih mimotopov uporabili za in silico doloĉitev epitopov Amb a 1, katerega 
tridimenzionalna struktura ni znana. Pri tem smo uporabili programe za molekulsko 
modeliranje in identificirane mimotope prilegali na homologno modelno strukturo Amb a 1 
ter doloĉili moţna epitopna mesta na površini, ki jih mimotopi posnemajo. Rezultate smo 
objavili kot izvirni znanstveni ĉlanek. 
Peto poglavje zajema objavljen izvirni znanstveni ĉlanek v katerem poroĉamo o 
razvoju multipleks testa BAT na osnovi fluorescenĉnega oznaĉevanja alergenov s kvantnimi 
pikami oziroma nanokristali Qdot, ki je namenjen soĉasni analizi veĉ alergenov. 
Vsi rezultati so zbrani in podrobno razloţeni v poglavju Razprava ter strnjeni v 
poglavju Sklepne misli. 
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THESIS OUTLINE AND HYPOTHESES 
Allergen-specific immunotherapy is aimed at reducing the immune and clinical 
responsiveness to the allergen by repeated applications of the culprit allergen (insect venom) 
to an allergic patient, so that future systemic allergic reaction does not occur again. Today, 
only crude allergen extracts are available for specific immunotherapy of patients with bee 
venom allergy, which can cause side effects in the form of mild or severe allergic reactions. 
Systemic reactions develop due to interaction between native allergens from the extract and 
IgE on the membrane of basophils and mast cells. Systemic allergic reactions during 
immunotherapy can be particularly fatal in patients with associated risk factors such as 
cardiovascular disease. Therefore, there is a need for the development of therapies with 
reduced allergenicity that could be used for safer, short-term immunotherapy without the risk 
of systemic allergic reactions. Mimotopes meet these requirements. They are short peptides 
that mimic the physicochemical properties of allergen epitopes but do not contain the binding 
sites required for cross-linking of IgE on the effector cell surface, so they could represent a 
safe alternative to allergens in immunotherapy. At the same time, their amino acid sequences 
could be used to determine in silico the allergen´s epitopes mimicked by the mimotopes. 
 
The main purpose of our work was to identify mimotopes of the major bee venom 
allergen, Api m 1, which are aimed to be used for active immunization of bee venom allergy. 
As a potential new approach to allergy treatment, we also wanted to test whether synthetic 
mimotopes can prevent basophil activation induced by Api m 1. In conjunction with 
computer-based molecular mapping tools, we used the mimotopes, isolated from 
bacteriophage libraries, to identify the epitopes of the major bee venom epitope Api m 1. We 
then used the same approach to identify epitopes of major ragweed allergen Amb a 1, whose 
three-dimensional structure is thus far undetermined, which represented an additional 
challenge. The allergenicity of peptide mimotopes was tested with the ex vivo diagnostic BAT 
method. We additionally focused on upgrading this method by introducing a multiplex BAT 
test that would allow simultaneous analysis of basophil activation with multiple allergens in a 
smaller number of test samples. For this purpose, we labelled the main allergens of bee venom 
Api m 1 and Api m 2 with Qdot nanocrystals and evaluated their suitability for the multiplex 
method. 
 
Within the scope of the doctoral thesis we have formulated the following hypotheses: 
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1. Peptides obtained by affinity selection from bacteriophage libraries should mimic major 
epitopes of the Api m 1 allergen and allow their identification. 
2. Api m 1 peptide mimotopes should retain the ability to bind IgE antibodies from the sera 
of allergic patients. 
3. We assume that Api m 1 synthetic peptide mimotopes and their analogs bound to the 
immunogenic carrier protein will not activate basophils of allergic patients and that the 
synthetic peptide mimotopes will block individual IgE on the surface of basophils, thereby 
preventing allergen-induced cross-linking of two adjacent IgE and activation of basophils. 
4. We hypothesized that analogs of Api m 1 mimotopes bound to the immunogenic protein 
carrier will be able to induce secretion of cytokines that are characteristic of the Th1 
cellular response. 
In the introductory chapter, we discuss the molecular mechanisms of an allergic 
response after a bee sting, the drawbacks of conventional bee venom immunotherapy and the 
potential of mimotopes for immunotherapy of allergic diseases.  
The first chapter comprises two published review articles. First review article 
discusses new therapeutic approaches that were developed to improve bee venom 
immunotherapy. The article presents the current state and prospects for the development of 
allergen-specific immunotherapy for bee sting allergy. In the second review article, we 
describe systems based on microorganisms and their structural parts that have been studied for 
the delivery of allergens and their peptide fragments in allergy immunotherapy.  
The results and findings of the research work are presented in four chapters, which include 
three published original articles and a chapter written in the form of an article. 
In the second chapter, we focused on the search and evaluation of peptide mimotopes 
of the major bee Api m 1 allergen that could be used in immunotherapy. The published article 
reports the identification of mimotopes of the major bee allergen, Api m 1, and in silico 
identification of epitopes based on amino acid sequences of identified mimotopes, isolation of 
mimotopes in fusion with a carrier (small coat protein pIII from filamentous bacteriophage 
M13), confirmation of their interaction with patients´ IgE as well as evaluation of allergenic 
activity of selected mimotopes in a basophil activation test and cytokine response in cultures 
of peripheral mononuclear cells from allergic patients.  
The third chapter includes the identification of key amino acid residues responsible for 
binding of Api m 1 mimotopes to target antibodies via alanine scanning, and evaluation of the 
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potential of mimotopes to prevent Api m 1-induced basophil degranulation. The chapter is 
written in the form of an article, ready for review.  
The fourth chapter represents a published article in which we additionally selected 
mimotopes of the major ragweed allergen, Amb a 1, and used the amino acid sequences of the 
obtained mimotopes to identify in silico the epitopes of Amb a 1, whose three-dimensional 
structure is thus far not determined. Molecular modelling programs were used to map the 
identified mimotopes to the homologous model structure of Amb a 1 and thus define possible 
epitope sites on the surface that are mimicked by mimotopes. The results are presented in a 
published research article.  
The fifth chapter includes a published original article in which we report on the 
development of a BAT multiplex test based on fluorescence labelling of allergens with 
quantum dots (Qdot nanocrystals) aimed for the simultaneous analysis of several allergens. 
All results are summarized and explained in detail in the Discussion and summed up in 
the Concluding remarks. 
Abida Zahirović - Doktorska disertacija                                                        Seznam uporabljenih metod 
xvi 
 
SEZNAM UPORABLJENIH METOD 
1. Bakteriofagni prikaz in afinitetna selekcija peptidov z ţelenimi lastnostmi iz 
bakteriofagnih predstavitvenih knjiţnic nakljuĉnih peptidov 
2. Afinitetno ĉišĉenje poliklonskih protiteles z uporabo paramagnetnih kroglic 
3. Izolacija plazmidne DNA z uporabo komercialnega kompleta na osnovi kolon z 
membranami iz silikagela in izolacija bakteriofagne DNA z uporabo jodidnega pufra 
4. Encimsko-imunski test na trdnem nosilcu (ELISA) 
5. Preverjanje lastnosti peptidov s pomoĉjo podatkovnih baz MimoDB 2.0 
6. Poravnava primarnih peptidnih zaporedij s pomoĉjo spletne bioinformatiĉne aplikacije 
Clustal Omega  




8. Prileganje peptidov na prostorsko strukturo alergena za doloĉanje konformacijskih 
epitopov z uporabo spletnih orodij Pepitope in EpiSearch 
9. Izolacija proteinov iz periplazemskega prostora ER2738 (periplazemska ekstrakcija)  
10. Koncentriranje proteinov s pomoĉjo ultrafiltracije  
11. Imunoprecipitacija (afinitetno ĉišĉenje) fuzijskih proteinov 
12. Doloĉanje koncentracije proteinov z metodo po Bradfordu 
13. Test toĉkovnega nanosa »dot blot« 
14. Oznaĉevanje proteinov s Qdot nanokristali  
15. Pretoĉna citometrija 
16. Test aktivacije bazofilcev (BAT) 
17. Delo s celiĉnimi kulturami 
18. Doloĉanje citokinov v kulturi mononuklearnih celic periferne krvi z metodo CBD 
(Cytometric Bead Array, BD Biosciences)  
 
  




Alergija je bolezensko stanje, pri katerem imunski sistem pretirano reagira na snovi, ki so 
sicer neškodljive (1, 2). Snov, ki sproţi alergijsko reakcijo, imenujemo alergen. Med 
najpogostejše alergene sodijo cvetni prah, hišna pršica, ţivalska dlaka, plesni, strup ţuţelk 
(npr. ose in ĉebele), doloĉena hrana (npr. jajca, mleko, orešĉki, ribe) in nekatera zdravila (npr. 
penicilin). V odvisnosti od vrste alergena in intenzitete reakcije znaki segajo od blagega 
alergijska rinitisa do potencialno smrtno nevarne anafilaksije (3). Kljub številnim raziskavam 
etiopatogeneza alergijskih obolenj še ni povsem znana. Gre za multifaktorske bolezni, pri 
katerih igra kljuĉno vlogo genska nagnjenost. Na njihov nastanek vplivajo tudi številni 
okoljski dejavniki, kot so koliĉina in strukturne lastnosti alergena ter pot izpostavitve alergenu 
(4). Za alergijskimi boleznimi trpi med 20 % in 30 % splošne populacije (v nekaterih drţavah 
do 40 % prebivalstva) (5). Epidemiološke raziskave so pokazale, da se prevalenca alergij iz 
leta v leto poveĉuje (1). Ocenjuje se, da bo njihova pogostost samo še narašĉala. Alergijske 
bolezni in z njimi povezani stroški zdravljenja tako postajajo vedno veĉji druţbeni problem. 
Zaradi tega so predmet številnih raziskav, katerih cilj je razumevanje mehanizmov 
alergijskega odziva kot tudi razvoj bolj specifiĉnih diagnostiĉnih testov ter varnejših in 
uĉinkovitejših oblik zdravljenja. Nekatere alergije so ţivljenjsko ogroţajoĉe in imajo velik 
vpliv na posameznike, saj obĉutno zmanjšajo kvaliteto ţivljenja. Alergijska reakcija po piku 
ĉebele je potencialno smrtno nevarna, kajti pri alergiku lahko ţe samo en pik ĉebele povzroĉi 
oteklino grla in zadušitev. Ker je izogibanje alergenu redko mogoĉe, vedno prisoten strah pred 
naslednjim pikom negativno vpliva na kakovost ţivljenja pacientov. Pri pacientih, ki so po 
piku utrpeli sistemske alergijske reakcije, je poglavitni cilj prepreĉiti ţivljenjsko nevarne 
preobĉutljivostne reakcije na prihodnje pike.   
Patogeneza preobčutljivostne reakcije po piku kožekrilcev 
Alergije po piku koţekrilcev sodijo med klasiĉne alergije, ki potekajo preko z IgE protitelesi 
posredovanega mehanizma (zgodnji tip preobĉutljivosti, tip I). Potek alergijske reakcije je 
dvostopenjski – loĉimo fazo senzibilizacije in fazo kliniĉne manifestacije bolezni. Dovzetni 
posameznik se lahko senzibilizira ţe ob prvem stiku z alergenom. Kot prikazuje Slika 1, 
alergen prevzamejo antigen predstavitvene celice (APC), ga obdelajo in ga preko molekul 
poglavitnega histokompatibilnostnega kompleksa razreda II (ang. major histocompatibility 
complex, MHCII) predstavijo na svoji površini naivnim celicam T pomagalkam (ang. T helper 
cells - Th0). V naslednji fazi se le-te diferencirajo v za alergen specifiĉne celice Th2, ki 
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izloĉajo provnetne citokine, kot so interlevkin(IL)-4, IL-5 in IL-13. IL-4 povzroĉi v limfocitih 
B preklop razredov v epsilon teţke verige imunoglobulinov, kar sproţi proizvodnjo protiteles 
imunoglobulinov (Ig), in sicer IgE. Slednja se veţejo na visoko afinitetni receptor FcεRI na 
bazofilcih ter mastocitih. Ta proces imenujemo senzibilizacija. Ob ponovnem stiku, alergen, 
ki je senzibilizacijo povzroĉil, poveţe kompleks IgE-FcεRI na mastocitih in bazofilcih in 
sprosti posrednike reakcije takojšnje preobĉutljivosti (histamin, triptaza, prostaglandini, 
levkotrieni) (6). Protitelesa IgE so vpletena tudi v pozno fazo alergijskega odgovora, kjer 
pospešijo privzem alergena v antigen predstavitvene celice (APC), kot sodendritiĉne celice in 
makrofagi, preko receptorja FcεRI ter limfocite B preko nizkoafinitetnega receptorja FcεRII. 
Tako poveĉajo predstavitev alergenskih peptidov celicam Th2 in okrepijo pozne 
preobĉutljivostne reakcije (7).  
 
 
Slika 1: Mehnizem nastanka z IgE protitelesi posredovane alergijske reakcije tip I (Prirejeno po (6)). 
 
Alergija po piku kožekrilcev  
Za strup ţuţelk iz rodu koţekrilcev (Hymenoptera) je preobĉutljivih 9,2–28,7 % odraslih oseb 
(8). V Evropi veĉinoma povzroĉajo alergijske reakcije ĉebele, ose in sršeni. Vnetni 
mediatorji, ki se pri alergiĉni osebi po piku ţuţelke sprostijo iz mastocitov, povzroĉajo 
simptome na koţi, gladkem mišiĉju v ţilah, bronhijih ter prebavilih. Preobĉutljivostne 
reakcije so lahko lokalne ali sistemske in se praviloma pojavijo kratek ĉas po stiku z 
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alergenom. Za velike lokalne reakcije so znaĉilni edemi, eritem in srbenje, ki v premeru 
pokrivajo veĉ kot 10 cm. Po piku koţekrilca utrpi veliko lokalno reakcijo okrog 18,6 % ljudi 
v splošni populaciji in 38 % ĉebelarjev (8). Sistemske alergijske reakcije so redkejše, vendar 
veliko bolj nevarne. Najnovejše epidemiološke raziskave kaţejo, da je prevalenca sistemskih 
alergijskih reakcij okrog 3,3 % v ZDA (9) in 7,5 % v Evropi (10). Razvrstimo jih lahko v štiri 
stopnje: (i) blaga sistemska reakcija (lokalizirana urtikarija, rinitis, blaga astma), (ii) zmerna 
sistemska reakcija (poĉasen zaĉetek generalizirane urtikarije in/ali zmerno poslabšanje 
astme), (iii) huda sistemska reakcija (hiter razvoj generalizirane urtikarije, angioedem, huda 
astma) ter (iv) anafilaktiĉni šok (hiter pojav srbenja, rdeĉice, vroĉine, generalizirane urtikarije, 
angioedem, hudo poslabšanje astme, hipotenzija, trebušni krĉi, motnje zavesti). Anafilaktiĉni 
šok je najteţja oblika alergijske reakcije. Znaki se pojavijo hitro, obiĉajno v nekaj minutah ali 
urah po stiku z alergenom (veĉina v 15-30 minutah). Potek je obiĉajno dvofazen in 1-8 ur po 
prenehanju simptomov lahko pride do ponovnega zagona, zato mora bolnik ostati 24 ur na 
opazovanju v bolnišnici. Zabeleţenih je med 0,03 in 0,48 smrtnih primerov zaradi anafilaksije 
na milijon prebivalcev na leto (11). Piki koţekrilcev so najpogostejši povzroĉitelj anafilaksije 
v srednji Evropi. Faktorji poveĉanega tveganja za sistemsko alergijsko reakcijo po piku 
koţekrilcev so kratek interval med dvema pikoma iste ţuţelke, huda sistemska reakcija ob 
predhodnem piku, pridruţene kardiovaskularne bolezni, zdravljenje z beta blokatorji in 
mastocitoza (12). Tveganje za ponovitev anafilaktiĉne reakcije ob naslednjem piku ni 100 %. 
Eden glavnih dejavnikov poveĉanega tveganja je resnost reakcije ob predhodnem piku. Tako 
imajo odrasli z zgodovino nedavne hude sistemske reakcije (Müllerjev razred IV) na splošno 
60–70 % tveganje za sistemske reakcije na poznejši pik, medtem ko imajo osebe s predhodno 
zmerno hudo reakcijo (stopnja II-III) 40 % tveganje in tisti z blago reakcijo (stopnja I) le 20 
% tveganje. Pacienti z indolentno sistemsko mastocitozo imajo še posebej visoko tveganje za 
pogoste in hude anafilaktiĉne reakcije. Za indolentno sistemsko mastocitozo je znaĉilna 
klonalna proliferacija aberantnih mastocitov, ki se akumulirajo v enem ali veĉ organov in 
sprošĉajo veliko koliĉino histamina. Vzrok je genska mutacija receptorja za hematopoetski 
rastni faktor c-KIT (CD 117) na površini mastocitov. Normalni zreli mastociti se sicer 
aktivirajo z vezavo hematopoetskega rastnega faktorja na receptor c-KIT, kar spodbudi 
proliferacijo, podaljša preţivetje in poveĉa sprošĉanje mediatorjev iz mastocitov. Mutacija c-
KIT privede do konstitutivne aktivacije receptorja. V primerjavi z bolniki brez mastocitoze so 
pri pacientih z mastocitozo reakcije po piku koţekrilcev ne le pogostejše (34 % napram 3 %), 
temveĉ tudi zelo resne (69,9 % napram 22 %). Obstaja tudi veĉja verjetnost, da se bodo 
ponovile, ĉe jih ne zdravimo (97,5 % napram 50 %). 
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Specifična imunoterapija  
Specifiĉna imunoterapija (SIT) je metoda zdravljenja alergije, pri kateri alergiĉni osebi 
apliciramo narašĉajoĉe odmerke alergena, ki je povzroĉil alergijsko reakcijo s ciljem doseĉi 
tako stanje imunskih celic v telesu, da bodo te alergen prepoznale in ga tolerirale. Gre torej za 
zdravljenje pri katerem uporabimo bolnikov lastni imunski sistem za zaviranje škodljivega 
alergijskega odziva in obnovitev imunske tolerance. Bolnika pravzaprav v imunološkem 
jeziku cepimo proti specifiĉnemu alergenu. O uĉinkovitosti SIT je prvi poroĉal Leonard Noon 
leta 1911 (13). Po subkutani aplikaciji ekstrakta trav je pri alergiĉnih bolnikih opazil 
izboljšanje simptomov alergijskega rinitisa. Od takrat je uporaba alergenskih ekstraktov za 
SIT splošno sprejeta praksa za zdravljenje alergij. Številne kliniĉne študije in retrospektivne 
meta-analize kaţejo, da uĉinki vztrajajo tudi po koncu terapije. Pride ne le do zmanjšanja 
simptomov in potrebe po zdravilih med izpostavljenostjo naravnemu alergenu, temveĉ se tudi 
potencialno prepreĉi preobĉutljivost na nove alergene in zavre napredovanje blagih alergij 
(npr. rinitis) v teţje oblike (npr. astma) (14). SIT se izvaja z alergeni pršic, mešanico 
drevesnih in travnih pelodov ter z alergeni strupa ose in ĉebele. Najbolj uspešna je pri alergiji 
za pelod trav in pike koţekrilcev.  
 
Specifična imunoterapija s čebeljim strupom 
SIT ima pomembno mesto pri zdravljenju alergije po piku ĉebele. To je edini preventivni 
ukrep, ki je trenutno na voljo za zmanjšanje tveganja sistemskih alergijskih reakcij ob 
prihodnjih pikih ali pa zmanjša resnost reakcij, ko se te pojavijo. Indicirana je pri pacientih, ki 
so imeli hudo sistemsko reakcijo po piku koţekrilca ali pa so utrpeli zmerno sistemsko 
reakcijo in so bodisi bolj izpostavljeni piku koţekrilca ali so med preobĉutljivostno reakcijo 
zaradi soobstojeĉih bolezni bolj ogroţeni. Pri bolnikih, ki utrpijo zgolj lokalne reakcije po 
piku ţuţelke zadošĉa simptomatsko zdravljenje, pri katerem se uporabljajo antihistaminiki, ki 
omilijo obĉutek srbenja in kortikosteroidi, ki blaţijo vnetje in otekanje na mestu pika. V 
primeru anafilaktiĉne reakcije po piku se uporabi adrenalin. Presoja o vrsti zdravljenja temelji 
torej na podatkih o stopnji alergijske reakcije ob predhodnem piku ter verjetnosti, da bo do 
ponovnega pika prišlo. Konvencionalna subkutana imunoterapija vkljuĉuje vnos ekstrakta 
ĉebeljega strupa v telo pacienta v rednih ĉasovnih presledkih skozi obdobje 3-5 let. Postopek 
vkljuĉuje dve fazi, in sicer uvajalno oziroma fazo dvigovanja odmerka in vzdrţevalno fazo. 
Ĉeprav se protokoli za uvajalno fazo razlikujejo, se v splošnem zaĉne pri zelo majhnem 
odmerku (nanogrami) strupa, za katerega je malo verjetno, da bo povzroĉil kakršnokoli 
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reakcijo, ki se ga nato postopno poveĉuje, dokler se ne doseţe tarĉna vzdrţevalna doza (100 
mikrogramov) oziroma dokler pacient ne doseţe najvišje doze, kjer ne pride do hudih reakcij. 
Doseţeno vzdrţevalno dozo se nato aplicira bolniku vsake štiri tedne v prvem letu, vsakih šest 
tednov v drugem letu in vsakih osem tednov v tretjem, ĉetrtem in petem letu zdravljenja (10). 
Uĉinkovitost imunoterapije pri zdravljenju alergije po piku koţekrilcev je dokazana s 
številnimi študijami (15). Uĉinek naj bi trajal vsaj 6 do 12 let. V petih in veĉ letih po 
zakljuĉeni uspešni SIT je tveganje za pojav sistemske reakcije po piku 10 % (obiĉajno so 
reakcije blaţje kot pred SIT), medtem ko je tveganje za hudo reakcijo le še slabih 3 %  (15). 
SIT je pogosteje neuspešna pri pacientih, ki so pred zaĉetkom SIT utrpeli hudo reakcijo po 
piku ali pa so doţiveli veĉkratne sistemske alergijske reakcije med uvajalno fazo. Bolniki z 
mastocitozo imajo veĉje tveganje za ponovitev anafilaktiĉne reakcije po piku in morajo zato 
SIT prejemati doţivljenjsko.  
 
Mehanizem delovanja specifične imunoterapije 
Mehanizem delovanja SIT je veĉplasten (Slika 2). Ţe zgodaj v postopku imunoterapije se 
zniţa obĉutljivost bazofilcev in mastocitov, kar je posledica praznjenja granul pod obsegom 
sistemske anafilaksije oziroma postopne degranulacije bazofilcev, ki jo povzroĉijo majhne 
koliĉine vnesenega alergena (16). To se kaţe kot zmanjšanje reakcije pri koţnih vbodnih 
testih. Izboljšanje simptomatike se pri hitri (angl. rush) metodi uvajanja doseţe v enem dnevu 
(17). Kasneje je kljuĉni dogodek vzpostavitev periferne T-celiĉne tolerance, pri ĉemer v 
lokalnih limfnih vozlih pride do aktivacije regulatornih limfocitov T (Treg). Slednji so 
posredno in neposredno vpleteni v zaviranje za alergen specifiĉnih Th2 limfocitov ter številne 
druge mehanizme, odgovorne za nastanek T-celiĉne tolerance (18). Regulatorni limfociti T 
izloĉajo imunosupresivna citokina, IL-10 in transformirajoĉi rastni dejavnik beta (TGF-β) (3). 
V novejših raziskavah so odkrili, da IL-10 povišano producirajo tudi regulatorne celice B tipa 
1 (19). IL-10 privede do utišanja oziroma modulacije Th2 odziva, s ĉimer se spremeni 
citokinski profil v smeri poveĉane koncentracije citokinov, znaĉilnih za Th1 imunski odziv, 
kot so interferon-γ (IFN-γ), IL-2 ter IL-12 (20). IFN-γ spodbuja B celice, da zaĉnejo namesto 
IgE proizvajati zašĉitna protitelesa razreda IgG4 (3). IL-10 ravno tako stimulira sintezo IgG4 
v limfocitih B ter prepreĉi z IL-4 posredovan preklop izotipa protiteles k IgE. Poveĉanje 
koncentracije specifiĉnih protiteles IgG4 se razume kot kljuĉni element uĉinka zašĉite SIT, ki 
vodi k zmanjšanju simptomov, posredovanih z IgE. IgG4 so usmerjena proti IgE vezavnim 
epitopom alergena (blokirajoĉa protitelesa), kar pomeni da steriĉno ovirajo vezavo IgE na 
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alergen. IgG4 prav tako prepreĉijo degranulacijo mastocitov z blokado inhibitornega 
receptorja FcγRIIB na njihovi površini, medtem ko z blokado nizkoafinitetnega receptorja 
FcεRII na APC inhibirajo predstavljanje alergenskih peptidov Th celicam. Tako se zmanjša 
število limfocitov B, ki so izvedli preklop k IgE, zmanjša se aktivacija limfocitov Th2 in 
število eozinofilcev na mestu alergijskega draţenja, s ĉimer se moĉno oslabi pozna alergijska 
reakcija (1). Med SIT se koncentracija specifiĉnih IgE (sIgE), po zaĉetnem dvigu, zniţa v fazi 
vzdrţevanja na raven pred priĉetkom zdravljenja (3). Imunološki mehanizmi, ki so vpleteni v 
nastanek imunske tolerance, ostajajo predmet številnih raziskav; njihovo poznavanje 
pomembno prispeva k razvoju varnejših in uĉinkovitejših metod zdravljenja.  
 
Slika 2. Mehanizem delovanja SIT. Na humoralnem nivoju, SIT povzroĉi zmanjšanje aktivnosti 
bazofilcev in mastocitev, poveĉanje koncentracije IgG4 protiteles in najprej dvig nato padec nivoja 
specifiĉnih IgE. Na celiĉni ravni pride do indukcije regulatornih limfocitov (Treg), anergije za alergen 
specifiĉnih limfocitov Th2 in aktivacije celic Th1 ter zmanjšanja aktivnosti efektorskih celic.  
 
Pomanjkljivosti specifične imunoterapije z alergenskimi ekstrakti 
Kljub uĉinkovitosti in vsem prednostim SIT v primerjavi s simptomatsko farmakoterapijo se 
po nekaterih podatkih le slabih 5 % pacientov odloĉa za zdravljenje s SIT. Kot glavni razlog 
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navajajo naporen in dolgotrajen postopek zdravljenja (številne injekcije in obiski zdravnikov 
v obdobju nekaj let) ter moţen pojav neţelenih uĉinkov in zapletov med imunoterapijo do 
katerih pride zaradi uporabe nativnih alergenskih ekstraktov. Alergenski ekstrakti imajo celo 
vrsto pomanjkljivosti. Njihova proizvodnja je sicer dokaj enostavna, vendar je zaradi 
kompleksne sestave standardizacija takšnih pripravkov teţavna. Naravni ekstrakti tako 
vsebujejo alergene kot nealergene komponente. Kot posledica nedefinirane sestave in moţnih 
kontaminacij lahko pride do nastanka novih IgE protiteles, reaktivnih na nealergene 
komponente ekstrakta, kar je moţen vzrok za nepredvidljive rezultate SIT (21). Majhna 
uĉinkovitost nekaterih ekstraktov je lahko tudi posledica spremenljive vsebnosti poglavitnih 
alergenov v ekstraktu zaradi izgube ali denaturacije v postopku priprave. Takšen primer so 
pripravki hišne pršice, s katerimi se trenutno izvaja imunoterapija alergije za pršice, za katere 
so ugotovili da vsebujejo razliĉne koliĉine poglavitnih alergenov, Der p 1 in Der p 2. Tudi 
številni drugi pomembni alergeni hišne pršice, kot je na primer Der p 23, so slabo zastopani 
ali sploh niso prisotni v ekstraktih (22). Zato je SIT alergije za pršice pogosto manj uĉinkovita 
kot SIT z drugimi ekstrakti. Podobno so v nedavnih študijah ugotovili, da je kliniĉno 
pomemben alergen Api m 10 iz strupa ĉebele slabo zastopan v registriranih ekstraktih, kar je 
bil vzrok za neuspešno terapijo pri bolnikih, pri katerih je to dominanten alergen (23, 24). 
Poleg omenjenih najveĉji problem SIT s strupom koţekrilcev predstavlja uporaba 
nespremenjenih alergenov z ohranjeno IgE reaktivnostjo, ki lahko povzroĉi neţelene uĉinke 
pri bolnikih, v nekaterih primerih celo anafilaktiĉni šok in smrt. Zato se subkutana 
imunoterapija s strupi koţekrilcev izvaja le v specializiranih alergoloških ambulantah ali v 
bolnišnicah, kjer je moţna takojšna oskrba pacienta s hudo sistemsko preobĉutljivostno 
reakcijo. Med izvajanjem SIT s strupom koţekrilcev se lahko pojavijo lokalni ali sistemski 
neţeleni uĉinki, ki so podobni simptomom alergijske reakcije po piku ţuţelke. V praksi se 
najveĉkrat opaţajo reakcije na mestu injiciranja alergena (srbenje, oteklina, rdeĉina), ki se 
pojavijo pri 50 % pacientov. Teţave obiĉajno spontano izzvenijo v nekaj urah ali dneh in ne 
potrebujejo nobenega zdravljenja. Sistemske reakcije lahko nastanejo znotraj 30 minut po 
aplikaciji alergena v telo (takojšnje) ali pozneje (veĉ kot 30 minut, do 2 ur) in se jih ne more 
napovedati, saj se razvijejo nepriĉakovano tj. obiĉajno, takrat ko niso prisotne predhodne 
lokalne reakcije. Glede na teţavnost sistemske alergijske reakcije razvršĉamo v štiri stopnje:  
- I. stopnja (prizadeta sta koţa in podkoţje, pojavijo se srbenje, rdeĉina, koprivnica in 
otekanje ustnic, jezika, vek in ušes), 
- II. stopnja (angioedem, stiskanje v prsih, slabost, bruhanje, driska, omotica, tahikardija),  
- III. stopnja (dispneja, stridor, piskanje, hripavost, zmedenost),  
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- IV. stopnja (hipotenzija, kolaps, izguba zavesti, inkontinenca vode in blata, cianoza).  
Stopnja sistemske reakcije je obiĉajno teţja, ĉim hitreje po aplikaciji alergena se pojavi. Po 
podatkih iz literature se sistemske alergijske reakcije med imunoterapijo pojavijo pri 16-40 % 
pacientov, zdravljenih s strupom ĉebele, in 4-19 % pacientov, zdravljenih s strupom ose (25). 
V multicentriĉni študiji Evropske akademije za alergologijo in kliniĉno imunologijo 
(EAACI), v katero je bilo vkljuĉenih 840 pacientov, je sistemsko alergijsko reakcijo utrpelo 
20 % pacientov, pri ĉemer se je veĉ reakcij pojavilo v uvajalni fazi (25). Ena tretjina tistih, ki 
so reagirali, je potrebovala hospitalizacijo. Glavna riziĉna faktorja za sistemsko reakcijo med 
imunoterapijo sta mastocitoza (povišana bazalna triptaza) in višja senzitivnost bazofilcev. 
Drugi pomembni dejavniki tveganja so ţenski spol, hitro povišanje odmerka ter zdravljenje s 
strupom ĉebele, ki je, v primerjavi s pripravki osjega strupa, bolj preĉišĉen z manj primesmi 
nealergogenih proteinov. Zaradi sistemskih alergijskih reakcij med zdravljenjem pri 3 % 
pacientov sploh ne morejo uvesti imunoterapije s strupom ĉebele. Tveganje za sistemske 
reakcije med imunoterapijo poveĉajo tudi simptomatska astma, akutna alergijska 
simptomatika ter prejemanje beta-blokatorjev (arterijska hipertenzija, ishemiĉna bolezen srca) 
(25). Po poroĉanju Ameriške akademije za alergologijo je bilo v ZDA v obdobju 1990-2001 
zabeleţenih 20 smrtnih primerov v povezavi s SIT. Veĉina umrlih so bili pacienti, ki so imeli 
slabo vodeno astmo, v enem primeru celo po koţnih vbodnih testih (26). Stranski uĉinki 
subkutane imunoterapije predstavljajo enega glavnih zadrţkov pred njeno mnoţiĉnejšo 
uporabo in se je v nekaterih drţavah lotevajo z veliko mero previdnosti.  
 
Nove metode specifične imunoterapije 
Z namenom zmanjšanja neţelenih reakcij med imunoterapijo in poveĉanja uĉinkovitosti ter 
skrajšanja trajanja zdravljenja se v zadnjih dveh desetletjih intenzivno preuĉujejo alternativni 
pristopi za SIT s ĉebeljim strupom. Ti vkljuĉujejo zamenjavo alergenskih ekstraktov s 
hipoalergenimi rekombinantnimi derivati alergenov ali njihovimi fragmenti, dopolnilno  
terapijo (adjuvansi, napredni dostavni sistemi, biološka zdravila) in alternativne poti dostave 
alergena. Izĉrpen pregled omenjenih metod podajamo v prvem delu prvega poglavja 
doktorskega dela (27). Poleg uporabe rekombinantnih alergenov v diagnostiki za izboljšanje 
natanĉnosti diagnoze in pri preuĉevanju navzkriţne reaktivnosti, se v zadnjih desetletjih 
intenzivno raziskujejo tudi v terapevtske namene (28). Trenutno je epitopsko, laboratorijsko 
in kliniĉno najbolj opredeljen poglavitni alergen peloda breze Bet v 1. Zgodnje kliniĉne 
študije so ugotovile, da je kliniĉna uĉinkovitost naravnega in rekombinantnega Bet v 1 tudi do 
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60 % veĉja od uĉinka celotnega ekstrakta (29). V primerjavi z ekstrakti, SIT z 
rekombinantnimi alergeni lahko naĉrtujemo in bolj nadzorujemo. Kljub temu pri alergiji za 
ĉebelji strup še vedno ostaja nevarnost pojava anafilaksije ob uporabi nespremenjenih 
rekombinatnih alergenov. Tako je za rekombinantni Api m 1 dokazano, da ima podobno 
alergogeno aktivnost kot naravni Api m 1 (30). Zato razvijamo hipoalergene alternativne 
uĉinkovine, ki bi nadomestile cele alergene. Mednje sodijo rekombinantni hipoalergeni 
derivati alergenov ter peptidi, ki predstavljajo epitope alergenov ali njihove mimotope (31).  
 
Epitopi 
Epitop ali antigenska determinanta je del molekule alergena, ki ga specifiĉno prepoznajo in se 
nanj odzovejo komponente imunskega odziva (receptorji na limfocitih B ali T in protitelesa). 
Obstajajo pomembne razlike med zgradbo T-celiĉnih in B-celiĉnih epitopov ter njihovo 
lokacijo na alergenu. Medtem ko so T-celiĉni epitopi linearni (sestavljeni iz zaporednih 
aminokislin) in porazdeljeni po celotni primarni strukturi alergena, so B-celiĉni epitopi bodisi 
linearni ali konformacijski in so na izpostavljeni površini molekule, na mestih dostopnih za 
vezavo IgE (Slika 3). V primerjavi z linearnimi epitopi je funkcionalnost konformacijskih 
epitopov odvisna od tridimenzionalne strukture proteina. Pri globularnih inhalacijskih 
alergenih imajo konformacijski epitopi zelo pomembno vlogo pri alergenosti (32, 33). Tako 
na primer pri alergenih, ki povzroĉajo peroralni alergijski sindrom, kot je Bet v 1, izguba 
konformacije (denaturacija) proteina uniĉi veĉino ali vse B-celiĉne epitope (34). Tudi Der p 2, 
poglavitni alergen hišne pršice, izgubi alergeno aktivnost po prekinitvi disulfidne vezi 
odgovorne za stablizacijo njegove terciarne strukture (35). Po drugi strani so, pri nekaterih 
prehranskih alergenih, IgE epitopi skriti v notranjosti in šele po predelavi ali prebavi hrane 
postanejo dostopni za vezavo na IgE, s ĉimer poveĉajo alergenost hrane (36, 37). Tako so na 
primer v trimernem Ara h 1 iz arašidov epitopi IgE zašĉiteni na mestih interakcije med 
monomeri. IgE jih prepoznajo šele po denaturaciji alergena (praţenju arašida), takrat se mu 
poveĉa alergogenost.  
 




Slika 3: Shematski prikaz epitopov. 
 
Poznavanje epitopov je koristno zaradi veĉ razlogov (38). Lahko se uporabljajo v 
diagnostiĉne (39) in prognostiĉne namene (40). Prav tako imajo epitopi potencial, da ob 
vezavi na ustrezni nosilec izzovejo imunski odziv, ne da bi bilo treba cepljeni osebi aplicirati 
celoten alergen, ki utegne biti škodljiv (41).  
 
Epitopi kot napovedni biooznačevalci vztrajnosti in resnosti alergij 
Novejše študije nakazujejo moţno uporabo epitopov za napovedovanje poteka alergije za 
hrano. Chatchatee in sodelavci so ugotovili, da pri pacientih, pri katerih je alergija za mleko 
vztrajala v odrasli dobi, IgE prepoznajo linearne epitope, medtem ko so pri pacientih, ki so 
alergijo prerasli, protitelesa IgE preteţno usmerjena proti konformacijskim epitopom (42-44). 
Podobno se je pri bolnikih z zgodovino hudih sistemskih alergijskih reakcij za arašide 
izkazalo, da IgE iz seruma prepoznajo veĉje število razliĉnih linearnih epitopov alergenov Ara 
h 1, Ara h 2 in Ara h 3 (bolniki imajo bolj raznolik epitopni profil) v primerjavi z bolniki, ki 
so utrpeli zgolj koţne reakcije po zauţitju arašidov (45). Identificirani epitopi bi tako lahko 
postali uporabni kot markerji za napovedovanje poteka alergij za hrano, a so zato potrebne 
prospektivne študije, ki bodo opredelile njihovo napovedno vrednost. Te bi morale dati 
odgovor na vprašanje ali imajo na primer otroci, alergiĉni za proteine mleka, katerih IgE 
protitelesa so usmerjena proti konformacijskim epitopom glavnih alergenov, veĉjo verjetnost, 
da prerastejo alergijo v primerjavi z otroki, katerih IgE protitelesa prepoznajo linearne 
epitope. Pri alergiji za koţekrilce je ravno tako potrebno definirati dejavnike, s pomoĉjo 
katerih bi bilo moĉ napovedati, ali se bo pri bolniku razvila sistemska reakcija ob naslednjem 
piku in, ali se bodo pojavile hude alergijske reakcije med imunoterapijo. Zato se tudi 
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lotevamo doloĉanja epitopov alergenov, saj bi lahko njihovo poznavanje omogoĉilo 
stratifikacijo pacientov na podlagi epitopnih profilov. 
 
Epitopna cepiva 
Epitopi stimulirajo imunski odziv in proizvodnjo protiteles z razliĉno intenziteto. Doloĉeni 
epitopi nastopajo dominantno, ĉeprav niso nujno najuĉinkovitejši pri induciranju protiteles. Z 
vpeljavo epitopnih cepiv bi v osnovi izbirali epitope na podlagi njihovih nevtralizacijskih 
sposobnosti, s ĉimer bi lahko optimizirali in usmerili imunski odziv v zašĉitnega (46). Po tem 
principu so izdelali cepiva pri infektivnih obolenjih, kjer vkljuĉijo kliniĉno pomembne 
nevtralizirajoĉe površinske epitope virusa v pripravek in se znebijo tistih epitopov, ki so skriti 
v notranjosti nativnega proteina (kliniĉno nepomembni). Polivalentnost je druga pomembna 
prednost epitopnih cepiv, saj z izraţanjem velikega števila epitopov na multimernih nosilcih 
lahko doseţemo moĉno stimulacijo imunskih celic. Takšen primer so ţe registrirana cepiva  
za prepreĉevanje virusnih okuţb, kot je denimo cepivo proti virusu hepatitisa B (Engerix®), 
hepatitisa E (Hecolin®) in humanim papiloma virusom (Cervarix®/Gardasil
®
 ) (47). Pri 
omenjenih cepivih je na virusom podobnih delcih (ang. virus like particles (VLP)) izraţenih 
veliko število kopij epitopov površinskih virusnih antigenov (47). Na podoben naĉin je 
izdelano cepivo proti virusu gripe, ki je trenutno v prvi fazi kliniĉnih testiranj (48). V kliniĉni 
fazi razvoja so še, na VLP osnovana, cepiva proti parvovirusu in Norwalk virusu, medtem ko 
se jih veliko število nahaja v predkliniĉnih testiranjih (49). Nedavno so razvili cepivo proti 
alergiji za arašid, v katerem sta na delcih VLP izraţena alergena arašida, Ara h 1 in Ara h 2. 
Tako pripravljeno cepivo je po zgolj enem odmerku uspešno zašĉitilo miši pred anafilaksijo 
po aplikaciji alergenskega ekstrakta (50). Kar se tiĉe alergije po piku ĉebele so raziskovali 
cepiva na osnovi T celiĉnih epitopov. Prvo generacijo kratkih peptidov, ki so vsebovali T 
celiĉne epitope Api m 1, so kot peptidno terapijo prviĉ testirali leta 1989 na majhnem številu 
pacientov alergiĉnih za strup ĉebele (51). Izkazalo se je, da so bili peptidi le delno uĉinkoviti, 
saj niso uspeli zašĉititi vseh zdravljenih pacientov. Osnovna pomanjkljivost terapije s 
kratkimi T celiĉnimi epitopi izvira iz heterogenosti molekul MHCII, ki prepoznajo razliĉne T 
celiĉne epitope pri posameznih pacientih. Temu bi se izogniti z uporabo dolgih peptidov, ki 
vsebujejo prekrivajoĉe se epitope, ali pa z uporabo kratkih peptidov, ki vsebujejo 
promiskuitetne T celiĉne epitope. Kljub temu so se pojavile tudi druge ovire za vpeljavo T 
celiĉnih epitopov v kliniĉno prakso, in sicer so pri njihovi uporabi opazili pojav vnetnih 
reakcij najverjetneje zaradi nespecifiĉne aktivacije T celic. Zato se B celiĉni epitopi ali 
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njihovi mimetiki (mimotopi), ki ne vsebujejo alergenskih T celiĉnih epitopov (te prispevajo 
nosilci nesorodni z alergenom) kaţejo kot bolj primerni kandidati. 
 
Mimotopi 
Peptidni mimetiki oz. mimotopi posnemajo strukturo ali fizikalno-kemijske lastnosti 
aminokislin, ki sestavljajo epitop alergena (52). Po principu molekularne mimikrije je 
mimotop sposoben sproţiti zelo podoben ali celo enak imunski odziv, kot epitop, katerega 
oponaša (53). Ker mimotopi zaradi svoje majhnosti niso zmoţni navzkriţno povezati IgE in 
aktivirati sprošĉanja mediatorjev iz bazofilcev in mastocitov predstavljajo obetavne 
potencialne uĉinkovine za imunoterapijo. Prav tako se mimotopi uporabljajo za razumevanje 
interakcije med alergenom in protitelesom, kar predstavlja dragoceno orodje pri naĉrtovanju 
in razvoju hipoalergenih terapevtikov (54, 55). Za izolacijo peptidnih mimetikov alergenov 
uporabljamo metodo prikaza na bakteriofagu in tehniko afinitetne selekcije iz bakteriofagnih 
peptidopredstavitvenih knjiţnic na protitelesih, usmerjenih proti izbranemu alergenu.  
 
 
Slika 4. Shematski prikaz mimotopov alergenov. 
 
Odkrivanje mimotopov s tehniko bakteriofagnega prikaza 
Bakteriofagni prikaz  je tehnika v molekularni biologiji, ki omogoĉa, da na površini 
bakterijskih virusov (bakteriofagov ali krajše fagov) izrazimo tuj (poli)peptid (56). Nabor 
velikega števila tovrstnih fagnih klonov (do 10
12
) sestavlja bakteriofagno knjiţnico, pri ĉemer 
vsak klon izraţa edinstven peptid. Postopek priprave knjiţnice vkljuĉuje sintezo 
oligonukleotidnih fragmentov, ki jih pripojimo v gene za površinske proteine virusa (t. i. 
nosilni protein) in vstavimo v primeren vektor (npr. bakteriofagno genomsko dvoveriţno 
DNA, fagmid ali plazmid). Najpogosteje uporabljeni vektorji pri bakteriofagnem prikazu so 
nelitiĉni nitasti bakteriofagi (M13, fd ali f1), ki vsebujejo kroţni enoveriţni genom, zaprt v 
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dolgo cilindriĉno kapsido (56, 57). Ko slednje vnesemo v gostiteljske celice se vstavljen 
fragment v obliki fuzijskega proteina izrazi na površini faga, ĉe se pri tem ne poruši funkcija 
gena ter zvijanje ali procesiranje nosilnega proteina. Število kopij enakega peptida je odvisno 
od vstavljenega genskega zapisa. V primeru bakteriofaga M13 napogosteje izraţamo peptide 
na majhnem plašĉnem proteinu pIII (1-5 kopij) ali na glavnem plašĉnem proteinu pVIII (57). 
Z izvedbo afinitetene selekcije na izbrani tarĉni molekuli lahko v relativno kratkem ĉasu 
presejemo knjiţnice sestavljene iz velikega števila strukturno sorodnih peptidov (58). Proces 
selekcije posameznih aktivnih komponent iz bakteriofagne knjiţnice ter doloĉitev njihove 
strukture je enostaven; s pomnoţevanjem mikroorganizmov, ki jih sestavljajo, jih je mogoĉe 
hitro obnavljati (59). To olajšuje naĉrtovanje uĉinkovin predvsem v zgodnjih fazah (pri 
iskanju spojin vodnic) in omogoĉa da potencialno odkrijemo tudi ligande, ki jih z racionalnim 
pristopom ne bi predvideli (59). Pogosto uporabljamo komercialno dostopne bakteriofagne 
peptidne knjiţnice, pri katerih so na površini bakteriofagov izraţena nakljuĉno sestavljena 
peptidna zaporedja. Knjiţnice se razlikujejo po dolţini in strukturi predstavljenih peptidov 
(60). Pri našem delu smo uporabljali tri razliĉne knjiţnice bakteriofagov, ki so izraţali: (i) 
linearne peptide z dvanajstimi aminokislinami, (ii) linearne peptide s sedmimi 
aminokislinami, in (iii) cikliĉne peptide s sedmimi aminokislinami (na vsaki strani verige je 
po eden cistein, ki omogoĉa tvorbo disulfidne vezi). Kot tarĉo smo uporabili protitelesa, 
specifiĉna za doloĉen alergen, na bakteriofagih pa izraţene razliĉne peptide, izmed katerih 
smo poiskali mimotope za ta alergen. Princip temelji na dejstvu, da se kljub velikosti tarĉne 
makromolekule peptidi veţejo zgolj na omejeno število mest, ki obiĉajno gradijo aktivna ali 
vezavna mesta tarĉne molekule. Tako pridobimo peptidne mimotope, ki so komplementarni 
paratopom protiteles. Potek afinitetne selekcije mimotopov izbranega alergena na protitelesih 
usmerjenih proti temu alergenu je prikazan na Sliki 5.  




Slika 5: Shematski prikaz afinitetne selekcije mimotopov alergena iz bakteriofagnih 
peptidnopredstavitvenih knjiţnic. Splošni postopek sestavljajo trije osnovni koraki: i) inkubacija 
bakteriofagnih delcev z imobilizirano tarĉo, (ii) spiranje nevezanih fagov ter (iii) elucija vezanih fagov 
in pomnoţevanje v gostiteljski bakteriji.  
 
Selekcijski postopek vkljuĉuje veĉ stopenj. Vsaka stopnja poteka po naslednjih 
korakih: (i) inkubacija bakteriofagov z imobilizirano tarĉo, (ii) odstranitev nevezanih fagov z 
veĉkratnim spiranjem ter (iii) elucija vezanih fagov s tarĉe in pomnoţevanje v gostiteljskem 
bakterijskem sevu. Pomnoţen eluat fagov uporabimo v naslednji selekcijski stopnji. Po 
zadnjem ciklu selekcije izoliramo posamezne bakteriofagne klone in doloĉimo nukleotidno 
zaporedje inserta, ki kodira predstavljen peptid. Izselekcionirane bakteriofagne klone 
temeljito ovrednotimo, pri ĉemer uporabljamo razliĉne metode, kot so encimsko-imunski test 
na trdem nosilcu (ELISA), prenos western, površinska plazmonska resonanca idr. Rezultat so 
bakteriofagi z izraţenimi peptidi, ki imajo afiniteto do paratopov protiteles, usmerjenih proti 
dotiĉnemu alergenu (60).  
 
Uporaba mimotopov za določanje epitopov alergenov 
Pri doloĉanju epitopov s tehnologijo predstavitve na bakteriofagu zdruţimo laboratorijske in 
raĉunalniške metode za doloĉanje epitopov tako, da uporabimo aminokislinska zaporedja 
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definiramo dele strukture dotiĉnega alergena (epitope), ki jih mimotopi posnemajo. Postopek 
selekcije iz fagnih knjiţnic je relativno enostaven, hitrejši ter bistveno cenejši v primerjavi z 
drugimi metodami za doloĉanje epitopov, kot so rentgentska kristalografija, nuklearna 
magnetna resonanca, ciljana mutageneza ipd. Kljuĉna prednost bakteriofagnega prikaza je v 
tem, da poznavanje tridimenzionalne strukture alergena ni nujno. Dovolj je imeti protitelo, ki 
se nanj veţe (60). Pridobljeni peptidi posnemajo bodisi linearne ali konformacijske epitope 
kot tudi tiste, ki niso proteinske narave (61). Ĉe je tridimenzionalna struktura alergena znana, 
izbrane peptide prilegamo na površino alergena in definiramo konformacijske epitope, 
linearne epitope pa odkrijemo s prileganjem na primarno strukturo (62). S pomoĉjo 
tehnologije bakteriofagnega prikaza so v predhodnih študijah doloĉili epitope glavnih 
alergenov pri alergiji za maĉko (63), pelod trav (64, 65), hišno pršico (66), hrano (33, 67, 68) 
in plesni (69). Informacije, pridobljene v postopkih kartiranja epitopov, se uporabljajo pri 
naĉrtovanju in razvoju hipoalergenih imunoterapevtikov (70).  
Uporaba mimotopov pri preučevanju nevzkrižne reaktivnosti 
O navzkriţni alergiji govorimo takrat, ko se v telesu osebe, ki je alergiĉna za neko znano snov 
– primarni alergen (npr. cvetni prah breze) razvije alergijska reakcija za neko popolnoma 
drugo snov  – navzkriţno reaktivni alergen (npr. jabolka). Razlog, zaradi katerega nastane 
navzkriţna alergija, je prisotnost podobnih epitopov v tej drugi snovi (71). Le-te prepoznajo 
sIgE v diagnostiĉnih testih. Navzkriţna reaktivnost je glavni vzrok za dvojno pozitivnost na 
ĉebelji in osji strup, ki nastanejo zaradi vezave sIgE na homologne peptidne strukture 
alergenov in/ali na kliniĉno nepomembne navzkriţno reaktivne ogljikohidratne determinante 
(ang. cross-reactive carbohydrate determinants, CCD) obeh strupov (72). Dvojno pozitivnost 
zasledimo pri 30 – 60 % bolnikov alergiĉnih za strup koţekrilcev (73). Med njimi je veĉina 
bolnikov preobĉutljiva za strup le enega koţekrilca. Hialuronidaza, ki je prisotna v obeh 
strupih, velja za najpomembnejši navzkriţno reaktiven alergen. Navzkriţno reaktivnost med 
hialuronidazama (Api m 2 in Ves v 2) povzroĉijo njuni peptidni epitopi (50 % zaporedja je 
identiĉno) ali CCD. Poleg hialuronidaze, tudi alergena dipeptidil peptidaza IV (Api m 5 in 
Ves v 3) in vitelogenin (Api m 12 in Ves v 6) vsebujeta homologne navzkriţno reaktivne 
strukture (74, 75). Proteini s podobno strukturo in funkcijo so še posebej pogosti v rastlinskih 
virih alergenov (33, 76). Pelod ambrozije (Ambrosia artemisiifolia) je eden najmoĉnejših 
znanih alergenov, ki pogosto navzkriţno reagira z alergeni trav. Incidenca alergije za pelod 
ambrozije narašĉa v veĉjem delu Evrope (77). Zrnca cvetnega prahu ambrozije najpogosteje 
sproţijo alergijske reakcije v zgornjih dihalnih poteh (npr. seneni nahod), medtem ko je 
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pelodna astma redkejša. V pelodu ambrozije je prisotnih 22 alergenov, od katerih sta 
najpomembnejša Amb a 1 (38 kDa velik neglikoziliran protein, pektat liaza), na katerega pri 
koţnih vbodnih testih reagira 95 % bolnikov, in Amb a 11, na katerega reagira 66 % bolnikov. 
Kliniĉne in serološke študije so pokazale, da veĉina bolnikov, ki je obĉutljiva za pelod 
ambrozije alergiĉno reagira tudi na cvetni prah navadnega pelina (78). Navzkriţna alergija za 
ambrozijo in pelin nastane zaradi podobnosti med Amb a 1 in Art v 6 ter med Amb a 4 in Art 
v 1, kot tudi zaradi panalergenov Amb a 6, Amb a 8, Amb a 9 in Amb a 10, ki pripomorejo k 
navzkriţnim reakcijam v 10 do 15 % primerov (79). Pri diagnostiki navzkriţnih alergij je 
pomembno detektirati sIgE proti primarnemu alergenu, ki so sposobna reagirati tudi z drugimi 
alergeni. Potrebno je doloĉiti kliniĉni pomen navzkriţnih reakcij oz. ugotoviti, ali se mora 
alergiĉni bolnik dejansko izogibati tudi navzkriţnim alergenom. Pri preobĉutljivosti za strupe 
koţekrilcev je doloĉitev primarne senzibilizacije kljuĉnega pomena za izbiro ustreznega 
alergena za zdravljenje s SIT. Poznavanje epitopov alergenov, ki so vpleteni v nastanek 
navzkriţne reaktivnosti bi nam bilo v pomoĉ pri odkrivanju primarne senzibilizacije ter bi 
omogoĉilo tudi naĉrtovanje imunoterapije, s katero bi ciljali na celo skupino alergenov, ki so 
med seboj navzkriţno reaktivni (33, 80). Zato smo v sklopu doktorskega dela poiskali 
mimotope glavnega alergena ambrozije, Amb a 1, ki lahko pripomorejo pri odkrivanju in 
opredeljevanju epitopov odgovornih za navzkriţne reakcije ambrozije z alergeni trav. 
Podoben pristop afinitetne selekcije iz bakteriofagnih knjiţnic so uporabili Lukschal in 
sodelavci pri izolaciji mimotopov poglavitnega alergena breze, Bet v 1, ki posnema epitope 
tudi navzkriţnih alergenov, vpletenih v nastanek simptomov pri oralnem alergijskem 
sindromu (81). Tordesillas in sodelavci so z afinitetno selekcijo na IgE proti modelnemu 
rastlinskemu profilinu iz melone, Cuc m 2, odkrili mimotop, ki posnema homologne strukture 
v evolucijsko sorodnih navzkriţno reaktivnih profilinih Phl p 12 in Bet v 2 iz peloda trav in 
breze (33). 
 
Uporaba mimotopov za aktivno imunizacijo 
Prednost mimotopov pri uporabi za imunoterapijo je v tem, da so to, v primerjavi s celimi 
alergeni, kratki peptidi (navadno jih sestavlja od pet do petnajst aminokislin), ki ohranijo 
reaktivnost do IgE protiteles, vendar zaradi majhne dolţine nimajo vezavnih mest potrebnih 
za prekriţanje IgE in sprostitev mediatorjev iz bazofilcev in mastocitov, zato zmanjšajo 
nevarnost pojava anafilaksije (82). Za namen aktivne imunizacije mimotope poveţemo s 
stimulatorji prirojenega imunskega odziva ali pritrdimo na površino dostavnih sistemov (83). 
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Tako jim zagotovimo imunogenost z vezavo na ustrezni nosilec, saj kratki peptidni mimotopi 
sami po sebi ne morejo aktivirati limfocitov T (84). Soĉasna dostava mimotopa in nosilca v 
isto celico sproţi njihov privzem v APC in poslediĉno aktivacijo limfocitov T (85). Slednji 
spodbudijo v limfocitih B proizvodnjo protiteles proti mimotopom. Sproţitev proizvodnje 
protiteles IgG4, ki blokirajo vezavo IgE na alergen, je kljuĉni mehanizem delovanja tako celih 
alergenov, kot tudi njihovih mimotopov pri aktivni imunizaciji (86, 87). Pogoj je, da nastala 
protitelesa prepoznajo iste epitope na alergenu kot IgE, saj so v raziskavah opazili, da je v 
primerih, ko so nastali IgG proti drugim epitopom, izostal terapevtski uĉinek ali pa se je 
alergija celo okrepila (86). Funkcija nosilca je torej aktivacija imunskega odziva, medtem ko 
je mimotop namenjen usmerjanju le-tega v razvoj imunske tolerance na doloĉen alergen. 
Nosilec, ki je popolnoma nesoroden alergenu zmanjša tveganje za razvoj neţelenih uĉinkov. 
Wallmann in sodelavci so na mišjem modelu alergijske astme pokazali, da mimotopi glavnega 
alergena trav Phl p 5, vezani na makromolekularni protein, hemocianin iz školjk (ang. keyhole 
limpet haemocyanine, KLH), zmanjšajo vnetje v bronhijalni sluznici in zniţajo produkcijo 
provnetnih citokinov IL-4 in IL-5 v pljuĉnem parenhimu (88). Prav tako so Li in sodelavci s 
presejanjem bakteriofagne knjiţnice heptamernih peptidov na IgE protitelesih iz zmesi 
serumov alergiĉnih bolnikov izolirali B-celiĉna mimotopa poglavitnega alergena plesni 
Alternaria alternata. Po imunizaciji miši s temi mimotopi, predstavljenimi na fagih, je prišlo 
do zniţanja nivoja IgE v serumu, zmanjšanja koliĉine IL-4 in kopiĉenja vnetnih celic v 
pljuĉnem tkivu, medtem ko se je poveĉal nivo IgG1 v serumu in IFN-γ v bronhoalveolarni 
tekoĉini (69). Mimotop glavnega alergena breze Bet v 1, pritrjen na monovalentni nosilec 
albumin vezavni protein iz streptokokov (ang. albumin binding protein, ABP), je na mišjem 
modelu spodbudil proizvodnjo za alergen specifiĉnih protiteles IgG4. Inducirana IgG4 
protitelesa so blokirala vezavo alergena na IgE iz seruma pacientov (89). Mimotop, vezan na 
ABP, ni povzroĉil takojšnjih preobĉutljivostnih reakcij pri koţnih testih, kar pomeni, da so 
mimotopi varni, ĉe so izraţeni na monovalentnem nosilcu. Sodelavci raziskovalne skupine 
našega laboratorija so identificirali mimotope glavnega alergena maĉke Fel d 1 in jih izrazili 
na bakteriofagnih delcih (v pribliţno 150 kopijah na majhnem plašĉnem proteinu pVIII 
nitastega bakteriofaga M13). Mimotopi niso bili alergogeni in so bili sposobni stimulirati 
izloĉanje citokinov Th1 v kulturi monocitov iz periferne krvi alergiĉnih pacientov (63). V 
razvoju so tudi cepiva na osnovi mimotopov za zdravljenje virusnih okuţb (90) in rakavih 
obolenj (91). Pri zdravljenju rakavih bolezni je cilj spodbuditi z mimotopi tumorskih 
antigenov (npr. HER-2) bolnikov lastni imunski sistem, da ustvari endogena protitelesa, ki so 
funkcionalno enakovredna oz. imajo primerljiv protitumorski uĉinek kot sama biološka 
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zdravila (npr. trastuzumab) (92-94). Tako bi proizvodnjo monoklonskih protiteles, ki je draga 
in tehniĉno zapletena, prenesli iz laboratorija kar v telo. Prav tako ne bi bilo potrebe po 
veĉkratnih aplikacijah biološkega zdravila za doseganje terapevtske koncentracije 
monoklonskega protitelesa v krvi. Mimotopi HER-2 so uspešno prestali prvo fazo kliniĉnih 
študij pri pacientih z rakom ţelodca in rakom dojke, kjer so se izkazali kot varni in uĉinkoviti 
in so pred kratkim ustopili v drugo fazo kliniĉnih testiranj. Na podroĉju personalizirane 
terapije rakavih obolenj razvijajo mimotope tudi kot ligande za spremljanje koncentracije 
bioloških zdravil v krvi (Veritopes™) (95). 
 
Imunogeni nosilci 
Za dostavo antigenov v cepivih proti alergijskim obolenjem so med drugimi nosilci zelo 
zanimivi mikroorganizmi (bakterijski in virusni delci) ter njihovih strukturni proteini 
(podrobno predstavljeni v drugem delu prvega poglavja) (96). Glavni prednosti mikrobnih 
dostavnih sistemov sta enostavna proizvodnja in inherentna imunogenost. Za dostavo 
mimotopov alergenov so preiskusili veĉ skupin dostavnih sistemov. Afiniteto, specifiĉnost in 
imunogenost mimotopov poskušajo izboljšati s pripravo dendrimerov (dimeri, trimeri ali 
oktameri; ang. multiple antigen peptides, MAP), s konjugacijo z adjuvansi (npr., KLH, 
glutation S-transferaza) ali alkilno skupino (stearinska kislina), z vgradnjo v liposome ali 
multimerizacijo v samosestavljive polipeptidne komplekse ter z izraţanjem mimotopov na 
VLP ali bakteriofagih.  
 
Nitasti bakteriofagi kot dostavni sistemi za mimotope  
V zadnjih letih se bakteriofagi vse bolj uveljavljajo kot imunogeni nosilci za dostavo 
antigenskih epitopov ali mimotopov v cepivih (97, 98). Njihove prednosti pri razvoju cepiv so 
preprosta zgradba, enostavna genska sestava, stabilnost, moţnost hitrega in enostavnega 
gojenja v bakterijskem gostitelju ter ĉišĉenja veĉjih koliĉin (99, 100). Bakteriofagi sproţijo 
moĉan humoralni in tudi celiĉni imunski odziv (101). Odlikuje jih sposobnost usmerjanja 
protitelesnega odziva proti antigenskim peptidom, izraţenim na njihovi površini (102). 
Protitelesa proti nitastim fagom so omejena na zunanjo domeno pIII in dvanajst 
aminokislinskih ostankov N konĉnega dela proteina pVIII. Proteinski nosilci, kot je KLH, so 
sicer sposobni sproţiti moĉan Th1 celiĉni odziv in nastanek IgG protiteles (predvsem IgG4 in 
IgG2a), a so v primerjavi s fagi nastala protitelesa hkrati usmerjena tudi proti drugim 
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irelevantnim epitopom (103, 104). Bakteriofagi so zlasti zanimivi za peroralno aplikacijo, saj 
nudijo zašĉito in zagotavljajo daljšo stabilnost izraţenih peptidov. Njihovo specifiĉnost lahko 
poveĉamo tako, da na površino pripnemo molekule za uĉinkovitejši vnos antigenov v APC 
(98). Tako lahko doseţemo ciljno dostavo v tkiva in pospešeno predstavitev antigenskih 
peptidov tarĉnim imunskim celicam (105). Kljub vsem prednostim je uporaba bakteriofagov 
kot gensko spremenjenih organizmov v kliniĉni praksi omejena zaradi strogih regulatornih 
zahtev (106). Drugo oviro predstavlja njihova hitra odstranitev iz krvnega obtoka. Prav tako 
pri multivalentni predstavitvi mimotopov na površini virusnih delcev, le-ti lahko povzroĉijo 
premreţenje IgE na efektorskih celicah in s tem njihovo aktivacijo. Zato smo v doktorskem 
delu preizkusili in ovrednotili majhni plašĉni protein pIII iz bakteriofaga M13 kot samostojni 
nosilec mimotopov za potencialno uporabo v imunoterapiji alergij. 
 
Izzivi v diagnostiki preobčutljivosti za strup kožekrilcev 
Diagnoza alergije za strup koţekrilcev temelji na zgodovini sistemskih reakcij po piku in 
dokazu senzibilizacije s koţnim testom in/ali merjenjem sIgE proti strupu v serumu (107). Pri 
tem se vĉasih sreĉujemo z laţno pozitivnimi ali laţno negativnimi rezultati. Koţni testi so 
lahko laţno pozitivni bodisi zaradi dermografizma bodisi zaradi nespecifiĉne ojaĉite reakcije, 
ki se prenese iz odziva na sosednji test. Deleţ laţno pozitivnih rezultatov se poveĉa z uporabo 
bolj potentnih ekstraktov ter v primeru kontaminacije s proteini iz drugega vira. Verjetnost 
laţno pozitivnega testa je poveĉana pri visokih vrednostih cIgE v serumu. Ţe pri koncentraciji 
cIgE nad 500 kU/l so pri nekaterih osebah pozitivni testi za doloĉanje sIgE za peniciline. Pri 
koncentraciji cIgE nad 3000 kU/l so vse testirane osebe pozitivne za peniciline, ĉeprav jih 
normalno prenašajo (108). Problem in vitro testov je tudi zaznavanje protiteles IgE brez 
kliniĉnega pomena. Pri alergiji za ĉebelo je mogoĉe najti kliniĉno nepomembno 
senzibilizacijo na strup pri pribliţno 10–30 % oseb. To pomeni, da imajo pacienti v telesu 
sIgE proti glavnim alergenom, ki jih detektiramo v koţnem ali in vitro testu, vendar ne 
razvijejo simptomov po piku ĉebele. Kliniĉno nepomembni sIgE za strupe koţekrilcev so 
pogosto povišani pri osebah z veliko koliĉino cIgE v serumu (109). Drugi problem predstavlja 
dvojna pozitivnost za strup ose in ĉebele. Pri in vitro testih je 50 do 60 % bolnikov dvojno 
pozitivnih za strup ose in ĉebele, pri ĉemer je veĉina testov za en alergen (oso ali ĉebelo) 
laţno pozitivnih. Vzrok za dvojno pozitivnost je kliniĉno nepomembna laboratorijska 
navzkriţnost med ĉebeljim in osjim strupom, ki jo praviloma povzroĉajo sIgE proti 
ogljikohidratnim epitopom ali epitopi proteinske narave med hialuronidazama Api m 2 in Ves 
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v 2 (110). Dostopnost rekombinantnih alergenov in ĉedalje boljše poznavanje njihovih 
strukturnih lastnosti sta v zadnjih desetletjih privedla do pomembnega preboja na podroĉju 
diagnostike alergijskih bolezni. Rekombinantni alergeni omogoĉajo doloĉitev 
obĉutljivostnega profila pacienta (posameznih komponent alergenskega ekstrakta, za katere je 
pacient obĉutljiv) in tako nudijo moţnost za izboljšave natanĉnosti diagnoze. Za doloĉanje 
koncentracije sIgE proti posameznim rekombinantnim alergenom (mikromreţe) je trenutno na 
voljo veĉ kot 50 rekombinantnih alergenov. Njihovo število se še poveĉuje, saj se tudi 
preostale naravne determinante postopno nadomešĉajo z rekombinantnim. Pri preobĉutljivosti 
za koţekrilce je njihov potencial pri opredeljevanju primarne senzibilizacije, kjer se z 
doloĉitvijo sIgE proti rekombinantnim alergenom poskuša ugotoviti, katera ţuţelka je 
povzroĉitelj senzibilizacije (73). V idealnem primeru bi pri veĉini bolnikov zadostovalo 
doloĉanje sIgE proti poglavitnemu rekombinantnemu alergenu ĉebele (Api m1), ose (Ves v 5) 
ter proti navzkriţnemu alergenu (Api m 2 (hialuronidaza)). Toda v nedavnih raziskavah so 
ugotovili, da s trenutno razpoloţljivimi rekombinantnimi alergeni deleţ bolnikov z alergijo za 
strup ţuţelk, zlasti tistih, ki so alergiĉni za strup ĉebele, ostane neprepoznan. Diagnostiĉna 
obĉutljivost komercialnega rekombinantnega Api m 1 (i208, neglikoziliran, proizveden v E. 
coli) je bila 57 % (pri bolnikih s hudimi ţivljenjsko ogroţajoĉimi reakcijami le 51 %), 
medtem ko je senzitivnost nativnega Api m 1 91 %. Moţen razlog je pomanjkljiva epitopska 
funkcionalnost i208. In vitro testi so lahko tudi laţno negativni zaradi slabe vezavne 
kapacitete sIgE, ki variira od alergena do alergena ali nezadostne koliĉine sIgE v krvi, ki bi jih 
test izmeril. Raven sIgE v krvi je nizka, saj je 99,9 % sIgE vezanih na mastocite in bazofilce. 
Prav tako velikost odziva pri alergološkem testu ne korelira s teţo alergijske bolezni. Pri 
alergiji za strupe ţuţelk je opazen celo obraten trend, da imajo bolniki z najhujšimi reakcijami 
zelo šibko pozitivne teste. Laţno negativni testi lahko privedejo do nepravilnih ali celo 
nevarnih odloĉitev. Tako se lahko zgodi, da alergiĉnemu bolniku dovolijo uţivanje 
penicilinskih pripravkov, kar povzroĉi anafilaksijo. Ravno tako je pri preobĉutljivosti za 
strupe koţekrilcev, ki je potencialno smrtno nevarna, izjemno pomembno, da alergologi 
odkrijejo vse bolnike s tveganjem za hude sistemske reakcije. Zato so v primeru neskladja 
med anamnezo in rezultati testov alergijske senzibilizacije potrebni dodatni testi, med 
katerimi se zadnja leta vse bolj uveljavlja merjenje aktivacije bazofilcev s pretoĉnim 
citometrom. 
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Test aktivacije bazofilcev (BAT) 
BAT je ex vivo celiĉni test za diagnozo preobĉutljivostne reakcije, posredovane z IgE 
protitelesi, kamor sodi tudi alergija po piku koţekrilcev (111). Test predstavlja alternativo za 
precej tvegane provokacijske teste s pikom ţuţelke. Poleg uporabe v diagnostiki so v nedavni 
študiji pokazali, da bi bil BAT lahko uporaben tudi v prognostiĉne namene pri loĉevanju med 
razliĉnimi stopnjami alergijske reakcije (asimptomatska senzibilizacija napram veliki lokalni 
reakciji napram sistemski reakciji) po piku koţekrilca, ki jih sicer ni moţno loĉiti ĉe se 
rezultat testa BAT interpretira kot pozitiven oz. negativen. Zato so sodelavci Laboratorija za 
kliniĉno imunologijo in molekularno genetiko Klinike Golnik predstavili odziv pri testu 
aktivacije bazofilcev s površino pod krivuljo (BAT-AUC) in ga primerjali s teţo reakcije pri 
107 alergiĉnih bolnikih (112). Rezultati kaţejo, da površina BAT-AUC korelira s teţo 
alergijske reakcije po piku koţekrilca. Sodelavci so prav tako ugotovili, da bolniki, ki utrpijo 
stranske uĉinke v obliki hudih alergijskih reakcij med imunoterapijo, kaţejo veĉjo 
senzitivnost bazofilcev v testu BAT (113). 
 
Razvoj multipleks testa aktivacije bazofilcev  
Trenutno je razliĉne alergene v testu BAT moţno testirati zgolj vsakega posebej, kar je drago 
in ĉasovno potratno. Zato obstaja potreba po razvoju testa, ki bo omogoĉal hkratno 
stimulacijo in analizo aktivacije bazofilcev z razliĉnimi alergeni v manjšem številu testnih 
vzorcev. V sklopu doktorskega dela smo zato razvili nov pristop za soĉasno preverjanje 
alergogene aktivnosti veĉ alergenov v testu BAT (multipleks BAT) z uporabo fluorescenĉno 
oznaĉenih alergenov s kvantnimi pikami (nanokristali Qdot). Kvantne pike so polprevodniški 
nanokristali, ki pri enaki sestavi oddajajo fluorescenĉno svetlobo razliĉne valovne dolţine 
odvisno od velikosti (114). V bioloških aplikacijah se najpogosteje uporabljajo kvantne pike z 
jedrom iz CdSe, obdanim s tanko plastjo ZnS, ki oddajajo fluorescenĉno svetlobo vidnega 
dela elektromagnetnega spektra. Za uporabo v bioloških vzorcih se na plast ZnS doda še 
organske plašĉe (delec doseţe velikost okrog 20 nm), kar poveĉa topnost kvantnih pik v 
vodnih raztopinah in omogoĉi vezavo tarĉno specifiĉnih makromolekul na njihovo površino 
(115). Za kvantne pike so znaĉilni širok absorpcijski spekter in ozki emisijski spektri ter veliki 
Stokesovi zamiki med absorpcijskimi in emisijskimi spektri (med 300 in 400 nm). Zaradi teh 
specifiĉnih lastnosti so zelo primerne za veĉbarvno oznaĉevanje vzorcev, pri ĉemer 
fluorescenco vseh kvantnih pik v vzorcu vzbujamo s svetlobo enotne valovne dolţine, 
medtem ko kvantne pike razliĉnih velikosti fluorescirajo v razliĉnih barvah. Ob tem ne pride 
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do prekrivanja med vzbujevalno in emitirano fluorescenĉno svetlobo zaradi velikih 
Stokesovih zamikov. Ravno tako ni prekrivanja med fluorescenco razliĉnih kvantnih pik 
zaradi njihovih ozkih emisijskih spektrov (116).  
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Imunoterapija s ĉebeljim strupom je glavna metoda zdravljenja alergije po piku ĉebele. Visok 
odstotek neţelenih uĉinkov in dolgotrajen postopek sta njeni glavni omejitvi, ki stimulirata 
razvoj novih oblik terapije. Razvoj alternativnih pristopov gre v tri loĉene smeri in sicer, v 
uporabo hipoalergenih derivatov alergenov, v dopolnilno terapijo in v alternativne poti 
dostave. V prispevku analiziramo terapevtski potencial omenjenih strategij na podlagi 
izsledkov predkliniĉnih in kliniĉnih študij. Med hipoalergenimi derivati so hibridni alergeni 
izkazovali bistveno zmanjšano IgE reaktivnost na mišjih modelih. Glede na to, da jih še niso 
testirali  v kliniĉnih študijah, ne vemo, ali bodo dosegli boljšo terapevtsko uĉinkovitost kot 
ekstrakti. Peptidi, ki predstavljajo T-celiĉne epitope, so bili delno uĉinkoviti v zgodnjih 
kliniĉnih raziskavah. Raziskave kaţejo, da bi problem njihove omejene uĉinkovitosti, ki 
nastane zaradi raznolikosti MHCII molekul, lahko odpravili z uporabo dolgih peptidov, ki 
vsebujejo prekrivajoĉe se T celiĉne epitope, ali uporabo kratkih peptidov, ki vsebujejo 
promiskuitetne T celiĉne epitope. Vendar so se po imunoterapiji tako s kratkimi kot tudi z 
daljšimi peptidi pojavili stranski uĉinki v obliki poznih vnetnih reakcij. Z uporabo mimotopov 
bi se potencialno izognili tako z IgE protitelesi kot tudi s celicami T posredovanim neţelenim 
uĉinkom. V dosedanjih raziskavah so razvili imunoterapevtike z visokim varnostnim 
profilom. Njihovo uĉinkovitost skušajo nadalje izboljšati z adjuvansi ali dostavnimi sistemi, 
ki aktivirajo Toll-u podobne receptorje. Na mišjih modelih je alergen Api m 1 v prisotnosti 
DNA bogate s citozin-fosfat-gvanozin (CpG) motivi  spodbudil moĉan odziv Th1 odziv, 
medtem ko je njegova vgradnja v mikromehurĉke zašĉitila miši pred anafilaksijo po 
stimulaciji z alergenom. Z intralimfatiĉno aplikacijo majhnih odmerkov cepiva se kaţe 
moţnost za skrajšanje zdravljenja s 5 let na zgolj 12 tednov. Za potrditev teh rezultatov so 
potrebna veĉja kliniĉna preskušanja.  
 
Kljuĉne besede: imunoterapija s ĉebeljimi strupom, peptid na osnovi epitopov, hipoalergeni 
derivat, rekombinantni alergen. 
_________________________________________________________________________ 
Izjava 
Podpisana Abida Zahirović izjavljam, da ĉlanka Bee venom immunotherapy: Current status 
and future directions nihĉe od soavtorjev ni uporabil kot kriterij za zagovor doktorata. 
 
Abida Zahirović  
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Bee venom immunotherapy is the main treatment option for bee sting allergy. Its major 
limitations are the high percentage of allergic side effects and long duration, which are driving 
the development of novel therapeutic modalities. Three general approaches have been 
evaluated including the use of hypoallergenic allergen derivatives, adjunctive therapy, and 
alternative delivery routes. This article reviews preclinical and clinical evidence on the 
therapeutic potential of these new therapies. Among hypoallergenic derivatives, hybrid 
allergens showed a markedly reduced IgE reactivity in mouse models. Whether they will offer 
therapeutic benefit over extract, it is still not known since clinical trials have not been carried 
out yet. T cell epitope peptides have proven effective in small clinical trials. Major 
histocompatibility complex class II restriction was circumvented by using long overlapping or 
promiscuous T cell epitope peptides. However, the T cell-mediated late-phase adverse events 
have been reported with both short and longer peptides. Application of mimotopes could 
potentially overcome both T cell- and IgE-mediated adverse events. During this evolution of 
vaccine, there has been a gain in safety. The efficacy was further improved with the use of 
Toll-like receptor-activating adjuvants and delivery systems. In murine models, the 
association of allergen Api m 1 with cytosine-guanosine rich oligonucleotides stimulated 
strong T-helper type-1 response, whereas its encapsulation into microbubbles protected mice 
against allergen challenge. An intralymphatic administration of low-dose vaccine has shown 
the potential to decrease treatment from 5 years to only 12 weeks. Bigger clinical trials are 
needed to follow up on these results. 
 
Keywords: bee venom immunotherapy, epitope-based peptide, hypoallergenic derivative, 
recombinant allergen. 
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Abbreviations: BVIT, bee venom immunotherapy; CpG, cytosine-guanosine rich 
oligonucleotides; HBV, honeybee venom; HLA, human leukocyte antigen; Ig, 
immunoglobulin; IL, interleukin; IFN, interferon; LSP, long synthetic peptide; MHC, major 
histocompatibility complex; PBMC, peripheral blood mononuclear cell; PLGA-MS, poly 
lactide-co-glycolide acid microspheres; PolyI:C,  polyriboinosinic polyribocytidylic acid; 
SCIT, subcutaneous immunotherapy; SLIT, sublingual immunotherapy; Th1, type 1 helper T 




Honeybee venom allergy is a potentially life-threatening allergic reaction following bee sting. 
In Europe, insect stings cause 48.2% of all anaphylactic reactions in adults [1]. Bee venom 
immunotherapy (BVIT) is the only available treatment that can protect allergic patients from 
subsequent sting reactions. The conventional immunotherapy consists of repeated 
administration of honeybee venom (HBV) extracts over 3-5 years. It has been proven 
effective in 77-84% of patients [2-6]. The efficacy of BVIT is described with long-term 
tolerance. It refers to clinical unresponsiveness to bee venom allergens that persists after 
BVIT is stopped. Several studies and meta-analyses have found that the risk of systemic sting 
reactions is 5-15% in the 5 to 10 years after discontinuation of immunotherapy. In food 
allergy, the induced tolerance is not equivalent to natural tolerance because it may wane with 
time, whereas the natural tolerance is generally thought to be permanent. Also, it has been 
found that the underlying mechanisms of these conditions are distinct. Because of these 
differences, the term sustained unresponsiveness has been proposed in food allergic patients 
as a more adequate description of the clinical non-reactivity lasting for 1–6 months after 
successful immunotherapy. The only acceptable outcome for bee venom allergic-patients is 
complete clinical tolerance. Anything less than that would potentially place the patient at risk 
for serious allergic reactions upon next bee sting. 
To characterize the efficacy of BVIT, several immunologic changes have been used in 
correlation with the severity of symptoms upon allergen challenge. The successful treatment 
is associated with reduced basophil responsiveness [7], the rise of allergen-specific 
immunoglobulin G4 (IgG4) and gradual fall of IgE [8]. The essential step in BVIT is the 
induction of peripheral T cell tolerance with the generation of interleukin (IL)-10-secreting 
regulatory T cells (Treg) [9,10]. IL-10 suppresses immune responses to venom allergens 
through various effects including immune deviation from allergen-specific TH2 towards TH1 
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response [11,12], thus leading to a class-switch from IgE to IgG4 in B cells [13,14]. More 
recently, BVIT was found to induce IL-10-secreting regulatory B cells as well [15].  It is still 
unknown which of these immunologic parameters is eventually responsible for the therapeutic 
effects of BVIT.  
Immunotherapy with HBV extracts faces several important limitations. Due to the use of 
native allergens, its major disadvantage is a high risk of systemic allergic side effects which 
are reported in 14 to 20% of patients undergoing treatment [4]. Bee venom extracts are 
available for subcutaneous BVIT as nonpurified and purified aqueous preparations or as 
purified aluminum hydroxide adsorbed (depot) preparations. Purified aqueous preparations 
have been found to cause smaller local reactions compared with nonpurified aqueous 
preparations, whereas depot preparations seem to be associated with fewer local side-effects 
in comparison with aqueous extracts. Another constraint to the broader use of BVIT is 
inconvenient therapy schedule requiring medically supervised injections every 4 to 8 weeks 
during 3-5 years [16]. BVIT typically consists of an up-dosing phase and a maintenance 
phase. Currently, four different treatment schedules are used in up-dosing phase. In a 
conventional schedule, the maintenance dose is reached in several weeks to months. In cases 
that require rapid development of tolerance, the rush or ultra-rush methods may be applied, 
where maintenance dose is reached in a few days or hours, respectively. Cluster schedule is a 
modified rush protocol, in which several injections are applied at 15- to 30-min intervals 
during the first visits and maintenance dose is reached in about 6 weeks. All schedules are 
equally effective, whereas the conventional regime appears to be best tolerated. Anti-
histaminic agents are used in combination with these methods to increase the safety. 
Maintenance dose is applied at 4–8-week intervals during 3–5 years to ensure a sustained 
effect. The third drawback of BVIT is related to the high percentage of treatment failures; 
15.8 to 17% of patients relapse after stopping BVIT [17,18]. This might be associated with 
differences in patient sensitization profile, venom composition and/or allergen dose, as was 
the case with Api m 10, which has been found underrepresented in licensed HBV extracts and 
turned out to be the reason for treatment failure in patients predominantly sensitized to this 
allergen [19,20]. To address these drawbacks, many research efforts have been undertaken. 
Here we review alternative immunotherapeutic strategies for HBV allergy that have been 
developed to achieve safer, more convenient and more effective treatment. Some of the main 
advantages and disadvantages of these methods are summarized in Table 1. The field has 
moved along three non-mutually exclusive directions: (i) replacement of native HBV extracts 
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with hypoallergenic allergen preparations; (ii) adjunctive therapies; and (iii) alternative 
administration routes (Figure 1).  
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Table 1. Summary of the main advantages and disadvantages of alternative approaches to bee venom immunotherapy. 
Approach Study (Year) Study 
subject 
Advantages Disadvantages Ref 
Allergoids Mistrello et al. 
(1996)  
Mice Reduced allergenicity 
 
Poor control over product quality: 
reproducibility issues 
The extent of reduction of IgE 







Akdis et al. (1998) 
Buhot et al. (2004) 
Kussebi et al. (2005) 






Strongly reduced allergenicity 
Retained immunogenicity  
Contains complete T cell epitope 
repertoire 
Variations regarding allergenicity 
and immunogenicity 
Costly recombinant production, 






T cell epitopes Carballido et al. 
(1993) 
Muller et al. (1998) 
Fellrath et al. (2003) 
Texier et al. (2000) 






Lack of B cell epitopes in peptides: 
avoidance of IgE cross-linking  
No need for dose escalatation 
No need for adjuvants 
Short course of  IT 
 
MHC-restriction 







to a carrier 




Induction of epitope-specific 
antibody response  
Non-immunogenic: delivery 
system is necessary 
[76] 




No capacity to induce late phase 
allergic reactions  
Retained or enhanced 
immunogenicity when bound to a 
carrier 
Cheap and easy to produce, highly 
stable in storage 
Identification of protective 
epitopes is paramount for efficacy 
At the early stage of development 
Allergens-TH1 
adjuvants 







Safety concerns:  an increased risk 
of autoimmune diseases 
Relatively high toxicity of 
parenterally applied CpG at the 
doses required to stimulate 
immune  system 
Problems with stability, 







Trindade et al. 
(2012) 
Corthesy et al. 
(2016) 






Enhanced stability - protection of 
allergens from degradation by natural 
proteases and increase of their 
bioavailability 
Protection of tissues from deleterious 
Manufactural difficulties may 
appear:  Issues on protein stability 
during microencapsulation, storage 














effects caused by the direct contact 
with the BV toxins.  
Augmented immunogenicity by 
stimulation of specific antigen 
presenting cells and targeted delivery 
denaturation, chemical reaction of 
allergen with polymer) 
Problematic dose optimization 
Low residence time of 
microbubbles in circulation 
Ultrasound destruction may cause 
microvasculature rupture and 
hemolysis  
Expertise and studies restrained to 
a limited number of centers 
Sublingual 
immunotherapy 




Convenient for patient (applicable in 
the comfort of one´s home) 




Lengthy administration course 
Tablets must to be taken every 
day: problems with patient 
compliance  
Higher doses are used 







al. (2009)  
Mice Short-course treatment  
Enhanced immunogenicity 
Low allergen doses required 
Larger clinical studies warranted 
Confined to specialist centres 
[120] 




Fig. 1 Development of alternative immunotherapies for bee venom allergy. The research is focussing 
on three main areas: (a) design of hypoallergenic allergen components, whose rationale is to greatly 
reduce the risk of IgE cross-linking and thus of anaphylactic reactions by destroying IgE epitopes 
(dashed rectangles) using either chemical treatment or recombinant techniques such as fragmentation, 
mutation, or hybridization (b) implementation of adjunctive therapies in the form of novel adjuvants 
and delivery systems to direct allergen-specific responses towards protective TH1-type immunity 
and/or to achieve targeted delivery and controlled release and, (c) utilization of alternative routes to 
reduce systemic unwanted reactions and promote modulation of immune responses towards 
tolerization by targeting delivery to the immune cells involved in tolerance induction. All the measures 
are aiming at reducing allergenicity and improving the efficacy of current honeybee venom (HBV)-
extract-based immunotherapy 
 
2. REPLACEMENT OF NATIVE HBV EXTRACTS WITH HYPOALLERGENIC 
ALLERGEN PREPARATIONS  
To improve BVIT, first and foremost aim is to reduce the allergenic activity of HBV. The 
rationale for hypoallergenic preparations is based on the findings that the treatment efficacy is 
dose-dependent – the higher the dose, the greater the efficacy of the treatment. By 
manipulating allergen structure and IgE binding, allergenicity can be reduced and will 
possibly allow administration of higher doses of the allergen without a risk for adverse 
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reactions. In that respect, several strategies to substitute highly allergenic HBV with safer 
allergen preparations have been developed.  
 
2.1 Chemically and heat-treated HBV extract 
Early methods for reduction of allergenicity of HBV extract were based on chemical 
treatment with aldehydes, which mask or destroy IgE epitopes by acting as protein cross-
linkers, thus generating allergen polymers termed allergoids [21,22]. In the later study, heat 
denaturation of HBV allergens was used for the same purpose [23]. However, for production 
of pharmaceutically acceptable product, denatured allergens and high-molecular-weight 
allergoids cannot be easily manufactured in a reproducible manner. The degree of chemical 
derivatization of allergens is dependent on the availability of free amino-groups in the 
individual proteins and therefore the extent of the reduction of IgE reactivity can vary [24]. 
Moreover, due to high molecular weight, allergoids cannot cross biologic membranes and 
thus are unable to express therapeutic effect via mucosal routes. They also displayed low 
immunogenicity in some studies probably because of the disruption of certain T-cell epitopes 
in allergens by aldehyde treatment [25,26]. To overcome these limitations, carbamylated 
allergoids were developed. Potassium cyanate used for carbamylation acts by converting the 
charged ε-amino group of the lysine moieties into uncharged ureido groups. These changes 
within IgE epitopes on allergens result in products with decreased allergenic activity [27,28]. 
In this way, the original monomeric structure of allergens is retained, and the immunogenicity 
is preserved [29]. Monomeric allergoid from melittin-free HBV (patented by Lofarma S.p.A) 
showed significantly reduced IgE-binding activity and was able to induce HBV-specific IgG 
in mice [30]. It was proven to be as efficient as unmodified venom in preventing allergic 
reactions in patients upon sting challenge while causing fewer side effects.  
 
2.2 Recombinant hypoallergenic derivatives of HBV allergens 
To achieve better safety of BVIT, several attempts have concentrated on the concept of a 
molecular approach to allergy immunotherapy, which is based on recombinant allergens and 
their hypoallergenic derivatives (Figure 1). An important advantage of this therapy is that it 
allows the application of individual, well-characterized allergen molecules with known 
biological activity [31]. The vaccine is thus devoid of irrelevant components and can be 
tailored to the patient´s sensitization profile [32,33]. The evidence from clinical trials in 
inhalational allergies suggests that recombinant allergens can replace natural allergen extracts 
[33,34]. In the case of HBV allergy, several major allergens have been expressed in 
Abida Zahirović - Doktorska disertacija                                                                     Prvo poglavje 1.del 
34 
 
recombinant form [35-37], using the expression systems capable of performing 
posttranslational modifications for allergens with carbohydrate epitopes [38]. Among 12 
allergens present in HBV, Api m 1 (phospholipase A2) is identified as the major disease-
causing agent recognized by specific IgE of up to 90% of HBV-allergic patients [39,40]. Api 
m 1 is, therefore, most commonly chosen as a candidate for molecule-based 
immunotherapeutic approaches (Figure 2A). However, recombinant Api m 1 possesses a 
comparable allergenic activity to that of natural allergen, hence it would probably elicit 
similar allergic side effects during immunotherapy [41]. Hypoallergenic derivatives of Api m 
1 were therefore produced and examined (Figure 2B-D). 
 
 
Fig. 2 Three-dimensional structures of recombinant HBV allergens and hypoallergenic variants. (a) 
Native Api m 1 (PDB ID: 1POC) [55]. (b) Api m 1 mutant (mutation sites are colored in red, deletion 
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in blue). (c) Homology model of fusion protein containing Api m 1 and Api m 2 (PDB ID: 1FCQ) 
[56]. (d) Homology model of mosaic fusion protein consisting of rearranged fragments of Api m 1, 
Api m 2, and Api m 4 (PDB ID: 1MLT) [57]. Tertiary structures of Api m 1/2 fusion and mosaic 
fusion of Api m 1, 2 and 4 were predicted by I-TASSER [58,59]. The figure was prepared with the 
PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC 8  
 
In a study by Akdis et al. [42], the recombinant hypoallergenic variants of Api m 1 were 
generated through disruption of its three-dimensional (3D) structure by preventing correct 
folding. This was based on the finding that the recognition of Api m 1 by IgE depends on 
conformation of the allergen [43]. In cultures of peripheral blood mononuclear cells (PBMC) 
from HBV allergic patients, the unfolded Api m 1 variants exhibited immunomodulatory 
effects by stimulating the production of TH1-dominant cytokines and IgG4 as opposed to the 
correctly folded variants which induced TH2-type cytokines and IgE secretion.  
In contrast to the previous approach, site-directed mutagenesis is aimed at changing the 
epitopes of the allergen without influencing its 3D structure. In order to obtain safe 
hypoallergenic recombinant molecules, an understanding of IgE-reactive sites is necessary 
because retention of IgE reactivity can lead to allergic reactions. This is particularly relevant 
for bee venom allergens given the high incidence of adverse allergic reactions with potentially 
fatal consequences. Buhot et al. [44] constructed a number of Api m 1 mutants by introducing 
24 single amino acid substitutions and deletion between residues 106 and 115 in an exposed 
surface areas (Figure 2B). The knowledge of the 3D structure and the location of T-cell 
epitope regions was applied to avoid local structural alteration and destruction of T cell 
epitopes [45-48]. All mutated molecules were evaluated for IgE binding, and thus the 
contribution of individual amino acid positions to IgE binding was determined. It was found 
that only the Api m 1 mutant comprising of all the mutations and a deletion exhibited a 
strongly reduced reactivity with patients’ IgE. However, IgG antibodies elicited upon 
immunization of mice with this mutated protein did not recognize native allergen, possibly 
due to significant modification of allergen topology which led to dynamic and flexible tertiary 
structure [49]. In addition to the difficulties with obtaining the molecule that is functional 
upon mutation, a large number of mutants that needs to be produced and tested to determine 
the best candidate render this approach cumbersome and expensive.  
In the case of multiple sensitivities, the costs of recombinant vaccine would be even higher 
because it is likely that a cocktail of allergen molecules would be required. Since HBV-
allergic patients are typically sensitized to several different allergens in HBV [50], the 
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treatment with only one major allergen might be insufficient [51]. This issue was addressed 
by Kussebi et al. [52] who produced hybrid Api m (1/2) fusion protein containing a complete 
sequence of two clinically important HBV allergens, Api m 1 and Api m 2 (hyaluronidase) 
(Figure 2C). Due to the destruction of conformational B cell epitopes of each individual 
allergen in the fusion molecule, Api m (1/2) protein showed abolished IgE reactivity and 
significant decrease in skin test reactivity. On the other hand, the capacity of Api m (1/2) to 
induce T-cell responses was preserved. Pretreatment of mice with Api m (1/2) fusion protein 
suppressed the production of specific IgE and other antibody isotypes upon stimulation with 
native Api m 1 [52]. Similar effects were observed with another engineered fusion protein 
from HBV allergens consisting of rearranged fragments of Api m 1, Api m 2, and Api m 4 
(melittin) (Figure 2D). This mosaic protein showed 100 to 1000 times reduced skin test 
reactivity in allergic patients [53]. Hybrid allergens have appeal for patients who are sensitive 
to more than one allergen from bee venom. Given that only one molecule has to be produced 
and processed instead of several recombinant allergens, fusion vaccine can reduce 
manufacturing costs. Moreover, the hybridization may result in improved immunogenicity 
[54].  
Even though the clinical efficacy of recombinant hypoallergenic variants of HBV allergens 
has not been assessed yet, studies on inhalation allergens have shown that the immunization 
with the whole allergen stimulates IgGs which are directed against all parts of allergen 
molecule, and, as such, may confer different biological effects (may enhance or inhibit 
allergic reaction) [60]. As a potential solution, the use of only a minimal allergen component 
(immunodominant antigenic determinant, i.e., epitope) has been proposed. 
 
2.3 Epitope-based peptides  
Epitope-specific treatment offers a possibility for the development of the next generation of 
allergy vaccines containing solely the necessary T- and B-cell epitopes or their mimetics 
(mimotopes), thus eliminating undesirable side-effects induced by irrelevant determinants. 
Compared with whole allergen, epitope vaccines have many advantages, including increased 
safety, rational engineering of epitopes for increased potency, and the ability to focus the 
immune response on conserved epitopes. 





Fig. 3 Peptide immunotherapy for HBV allergy. (a) Api m 1 primary structure. T cell epitopes are 
underlined (magenta and blue), IgE epitopes are colored (red and green). (b) Molecular representation 
of Api m 1-derived T cell epitope peptides. (c) Molecular representation of Api m 1 mimotopes (dark 
red and dark green) fused to bacteriophage M13 minor coat protein pIII carrier (PDB ID 1G3P) [78]. 
The figure was prepared with the PyMOL Molecular Graphics System, Version 2.0 Schrödinger, 
LLC 
 
2.3.1 Api m 1-derived T cell epitope-bearing peptides 
T cell epitope-bearing peptides are derived from allergen primary sequence (Figure 3A). 
When applied in immunotherapy they primarily target the T-cell arm of the immune response 
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and thus bypass IgE-mediated side effects [61]. Induction of T cell tolerance is found to be 
their major mechanism of action [62]. In initial studies, a restricted set of short T-cell epitope 
peptides was used (Figure 3B). Muller et al. [63] immunized five HBV-allergic patients with 
a mixture of three Api m 1-derived T-cell reactive peptides [48] over a period of 2 months. 
The treatment was safe and led to the T-cell hyporesponsiveness and inhibition of TH1 and 
TH2 cytokine production in PBMCs from treated patients. After provocation with 
subcutaneous injection of native Api m 1 no allergic reactions were observed in treated 
patients. However, upon sting challenge, mild systemic skin allergic symptoms appeared in 
two patients. The reason for incomplete protection in these two patients might be a 
sensitization to other HBV allergens, besides Api m 1, which was found later on in the study. 
This trial was the first in-human study which validated the concept of T cell epitope peptides 
and started elucidating the mechanism of peptide induced immune tolerance, thus laying the 
ground for peptide immunotherapy in allergic diseases. Altered peptide ligands are another 
type of short T cell epitope peptides which were considered for therapy of HBV allergy. They 
are obtained by substituting certain amino acid residues found in contact of the peptide with T 
cell receptor. Peptides modified in such a manner may influence T cell proliferation and 
cytokine production through the delivery of antagonist or partial agonist signal [64]. 
Immunization of mice with altered peptide ligand of immunodominant T cell epitope of Api 
m 1 (amino acid 81–92 in which phenylalanine at position 82 is replaced with alanine) led to 
reduced IL-4 production in Api m 1-specific T cells. This effect was ascribed to the lower 
binding affinity of the altered ligand to major histocompatibility complex (MHC) class II 
molecules compared with the native peptide [65]. Aforementioned studies suggest that the 
short immunodominant T cell epitope peptides of Api m 1 might be able to suppress immune 
response against the entire allergen in allergic patients. However, in clinical practice, due to a 
great amount of heterogeneity of human leukocyte antigen (HLA) genotype found within the 
population, the treatment with short peptides will require predetermination of T-cell responses 
of the individual patient. This represents a major burden in the conception of such vaccine.  
As an alternative, the peptides covering a wide range of T-cell epitopes were considered to 
circumvent MHC class II restriction of human T lymphocytes. Kämmerer et al. [46] examined 
the use of long synthetic peptides (LSPs) encompassing the entire sequence of Api m 1 with 
overlaps that ensure the presence of all possible T cell epitopes. In proliferation experiments 
on PBMCs isolated from HBV-allergic patients, long 40-60-mer peptides were more 
tolerogenic than the short 15-mer peptides bearing immunodominant T cell epitopes [46,66]. 
Importantly, LSPs exhibited low IgE binding activity despite their size probably because of 
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the lack of original three-dimensional structure. In a murine model of HBV allergy, 
intraperitoneal administration of three Api m 1-derived LSPs induced deviation of established 
TH2 immune response towards TH1-type and efficiently protected the mice against 
anaphylaxis after allergen challenge. This was accompanied by the inhibition of specific IgE 
and enhanced production of IgG2a (equivalent to human IgG4) [67]. Intranasal administration 
of these peptides to mice induced systemic tolerance in both prophylactic and therapeutic 
settings [68]. Fellrath et al. [69] investigated further these Api m 1-derived LSPs in humans, 
in a randomized, double-blind placebo-controlled phase I trial on 16 HBV-allergic patients. 
Immunotherapy lasted 70 days and consisted of a 1-day dose escalating protocol followed by 
five subsequent maintenance doses of each of the LSPs. In contrast to the placebo, active 
treatment induced an enhanced production of IL-10 and immune deviation towards TH1-type 
response in PBMC cultures from treated patients. Allergen-specific IgG4, and not IgE, was 
increased throughout the study period. The ability of LSPs to induce allergen-specific IgG 
may provide a clinical benefit to short T cell epitope peptide vaccines. However, 
approximately 3 h after the peptide injection, two patients developed systemic allergic 
reactions (hand pruritus and a flash of the upper trunk). The delayed character of these 
reactions was suggestive of late phase side effects and might be related to the IgE-
independent stimulation of allergen-specific T cells. As a second strategy for overcoming 
MHC II restriction, Tarzi et al. [70] evaluated Api m 1-derived promiscuous T cell epitope 
peptides with binding affinity for commonly expressed HLA-DR molecules [45,71] in 12 
subjects with mild HBV allergy. The peptides caused decreased skin sensitivity to HBV along 
with a suppressed proliferation of effector T cells, reduced secretion of IL-13 and IFN-γ, and 
increased IL-10 production. Although this approach has shown promise, its applicability in 
clinical practice is limited because it would be laborious and time-consuming to perform 
direct binding assay (HLA-typing), particularly when several disease-causing allergens need 
to be covered.  
Altogether, the aforementioned clinical trials gave us some insights into the immune 
mechanisms underlying therapy with Api m 1-derived T cell epitope peptides. However, due 
to the small number of enrolled patients, no level of evidence can be ascribed to any type of 
the peptides examined. Moreover, it is noteworthy that described studies are of an older date 
(late 1990s or early 2000s) and there are no new clinical trials scheduled.  
 
2.3.2 Api m 1 mimotopes 
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According to aforementioned studies in patients with bee venom allergy as well as the studies 
pertaining to cat allergy [72,73] and the most recent clinical trial in birch pollen allergy [74], 
late-phase side effects appeared to be a common problem in the clinical application of T cell 
epitope peptides, most likely due to the activation of allergen-specific T cells [69]. Mimotopes 
are short peptides that mimic B cell epitopes of allergen and hold the promise to overcome 
both IgE- and T cell-mediated side effects during immunotherapy [75]. Mimotopes are non-
allergenic because they are too short to engage receptor-bound IgE on effector cells. On the 
other hand, they do not contain allergen-derived T cell epitopes and thus could not trigger late 
phase T cell-mediated side effects. Since mimotopes are epitope-specific, they are more likely 
to induce protective IgG antibodies compared with the whole allergen [60]. In a recent study, 
we reported the identification of mimotopes of Api m 1 by screening phage display random 
peptide libraries against anti-Api m 1 IgG antibodies [76]. Thirty-six out of 46 positive phage 
clones exhibited high and specific binding for target antibodies and competed with Api m 1 
for the same paratopes, thereby confirming to be mimetic of Api m 1 IgG epitopes. The 
relevance of the selected mimotopes in HBV-allergic patients was subsequently established 
by demonstrating their specific binding to IgE from patients´ sera. Apart from their use in 
immunotherapy, mimotopes can be employed for the identification of epitopes and thus help 
us in understanding which structural features of allergens are responsible for their allergenic 
potential. Using selected mimotope sequences in combination with computational tools, we 
mapped the corresponding epitopes of Api m 1 between amino acids 17-24 and 119-124 
(Figure 3A, red and green). Since mimotopes are very poor immunogens on their own [77], in 
order to be considered for active immunization they necessitate the assistance of a carrier or 
delivery system (Figure 3C).  
Overall, the epitope-focused approach offers prospects for effective, safe, and specific 
treatment of bee venom allergy but requires further characterization of major allergens’ 
epitopes. While a number of T cell epitopes have been identified, there is scant information 
regarding the IgE epitopes of bee venom allergens. Candidate epitopes must be properly 
designed and engineered by taking into account genetic instability and heterogeneity of 
different patients to cover all protective epitopes in treated population. 
 
3. ADJUNCTIVE THERAPIES 
While molecular vaccines have a better safety profile when compared with whole HBV 
extracts, they are often associated with lower immunogenicity and stability. For that reason, 
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recent efforts are aiming at enhancing vaccine efficacy by application of specific delivery 
systems [79] and/or TH1-stimulating adjuvants [80] (Figure 1).  
 
3.1 Allergen-delivery systems 
Microparticulate delivery systems are used in allergy immunotherapy to achieve sustained 
release and selective targeting of specific immune cells [81]. They exhibit these beneficial 
effects by promoting the uptake of allergen in antigen-presenting cells such as dendritic cells 
and macrophages and/or by carrying immunomodulatory substances such as Toll-like receptor 
(TLR) agonists [79].  
Due to their role in immune responses, skin dendritic cells have become attractive targets for 
allergy vaccines [82]. Epicutaneous delivery of an allergen via a transdermal patch or 
specially developed delivery system allows direct targeting of these antigen presenting cells. 
Microemulsions are especially useful for that purpose thanks to their ability to increase skin 
hydration and disrupt the lipid barrier of the stratum corneum, whereas thermodynamical 
stability and the ability to solubilize both hydrophilic and lipophilic molecules make them 
suitable for the formulation of a protein containing drug delivery system [83]. Additionally, 
symptoms of contact dermatitis which frequently occur after application of dermal patches 
can be avoided by using microemulsion. Kiselmann et al. [84] incorporated Api m 1 into a 
stable microemulsion and explored its usage as a delivery system for epicutaneous 
immunotherapy. Epidermal penetration assessment showed that Api m 1 was released over 
time into deeper skin layers and reached Langerhans cells or even dendritic cells presumably 
by the formation of an epidermal drug depot. In a study by Schuppe et al., the developed 
microemulsion displayed immunomodulatory and therapeutic effects in a mouse model [85]. 
The main disadvantage associated with microemulsion method is the necessity for the high 
concentrations of surfactant and/or cosurfactant to stabilize the droplets of microemulsion, 
which may cause an irritation. Microbubbles are used in clinical practice as an imaging 
contrast agent with a very good safety profile [86]. Ultrasound-mediated microbubble 
destruction has recently been proposed as a novel way of drug delivery. It includes the 
application of drug-carrying microbubbles to the specific area of interest and then bursting the 
microbubbles by ultrasound to achieve site-specific delivery of bioactive material. Bioley et 
al. [87] tested this delivery method on a murine model of HBV allergy. A prophylactic 
administration of microbubble-associated denatured Api m 1 protected mice against allergen 
challenge. The treatment led to elevated levels of specific IgG and IgA, decreased production 
of TH2 type cytokines and increased frequencies of Treg cells. Subsequently, administration 
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of microbubble-encapsulated denatured Api m 1 to mice with established allergy yielded 
similar immunological changes and protected all challenged animals [88]. Microbubbles have 
good safety record as a contrast agent. However, when used as delivery vehicles, ultrasound 
used for their destruction may cause rupture of microvasculature and hemolysis. Today, the 
studies and the expertise involving administration of microbubbles are still restrained to a 
limited number of centers. Since microbubbles stay in circulation for only a short time, the 
optimal dosage and timing of microbubbles administration are the questions that remain open.  
Trindade et al. [89] produced and evaluated poly-lactide-co-glycolide acid microspheres 
(PLGA-MS) with encapsulated HBV to determine whether they can control the delivery of 
venom and thus possibly allow a reduction of a total number of injections during traditional 
BVIT. Among six different types of polymer microparticles, it was found that the 34 kDa-
COOH PLGA-MS possess the most favorable release profile with a low initial burst of HBV 
followed by slow release over time. The strong interactions between positively charged HBV 
and negatively charged polymers are probably responsible for the delayed release. This 
formulation applied in vivo is therefore expected to constantly stimulate immune system. The 
problems that may arise in the manufacture of polymer microparticles are protein instability 
during microencapsulation, storage and release as well as the denaturation of allergen, low 
encapsulation efficiency, and chemical reaction of allergen with polymer. It is also difficult to 
optimize the dose. In terms of immunogenicity, Gomez et al. [90] showed that PLGA-MS 
containing Api m 1 were able to provoke only a weak antibody response in mice. However, 
when Api m 1 was co-encapsulated with cytosine-guanosine rich oligonucleotides (CpG) 
within PLGA-MS it stimulated strong production of Api m 1-specific IgG2a. The effect was 
further augmented by complexation of the CpG with protamine. As this study shows, 
microparticles may not be adequately immunogenic on their own and therefore an adjuvant 
(e.g., TLR agonist) is added to achieve more potent or targeted effect.  
Such synergistic action can be accomplished with the application of microbes or their 
components as delivery systems because they can concurrently deliver the therapeutic 
molecules and stimulate an immune response [91]. Among different candidates, 
bacteriophages have shown good potential as carriers of allergen epitopes and mimotopes in 
animal models [92-94]. Studies have found that bacteriophages induce more focused IgG 
response against displayed epitope in comparison with ovalbumin [95,96]. Nonetheless, their 
use in humans is restrained by strict regulation of genetically modified organisms [97,98] and 
an increased risk of transferring antibiotic resistance to F pili positive intestinal E. coli [99]. 
Moreover, mimotopes are often displayed in multiple copies on phage particle and may thus 
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cause IgE cross-linking and activation of effector cells during allergy immunotherapy. We, 
therefore, examined the application of a single minor coat protein pIII from M13 
bacteriophage as a carrier of Api m 1 mimotopes described above [76]. A representative of 
pIII-fused mimotopes proved to be non-allergenic in basophil activation test. In PBMC 
cultures of allergic patients, which secreted predominantly type 2 cytokines on stimulation 
with HBV and Api m 1, pIII-fused mimotope increased the production of type 1 cytokine 
(IFN-γ). This may imply a shift from TH2 to TH1 immune response and suggests that 
characterized mimotopes may serve as candidates for further immunotherapy development.  
 
3.2 Co-administration of allergen with TH1-stimulating adjuvants 
To further direct immune response towards long-lasting tolerance, adjuvants that can skew the 
immune response to allergen towards TH1-type (e.g. TLR agonists) have been employed in 
allergy vaccine instead of aluminum hydroxide with proven TH2-promoting effects [100]. In a 
mouse model of HBV allergy, immunomodulatory effects of Api m 1 conjugated with 
different TLR agonists were compared with aluminum hydroxide-adjuvanted allergen 
preparations [101]. The study found that TLR ligands differ in adjuvancy and TH1-promoting 
capacity. Polyriboinosinic polyribocytidylic acid (PolyI:C) and lipopolysaccharide were the 
most potent adjuvants. However, they stimulated both TH1 and TH2-type immune response, 
whereas CpG motifs and peptidoglycan were weaker adjuvants but induced a stronger TH1-
polarized antibody response. CpG motifs, PolyI:C, and 3M003 (imidazoquinoline, TLR-7 
agonist) showed therapeutic potential by suppressing IgE production and preventing provoked 
anaphylaxis in mice. Even though these formulations have not yet been tested in HBV-
allergic patients, clinical trials in patients allergic to house dust mite and ragweed suggest that 
the injection of allergen conjugates with CpG motifs could inhibit the immune responses to 
sensitizing extracts and alleviate allergic symptoms [102,103]. Regarding clinical application 
of CpG and poly(I:C), the safety concerns have been raised about the increased risk of 
autoimmune diseases. The problem of widespread stimulation of non-hematopoietic bystander 
cells by poly(I:C) could be circumvented by using minimal dose of poly(I:C) assembled on 
the surface of PLGA microspheres. This holds promise to improve both efficacy and safety of 
poly(I:C) as vaccine adjuvant. Similarly, the strategies used to limit the systemic toxicity of 
CpG include conjugation or coencapsulation of CpG with antigen. 
 
3.3 Premedication with the anti-IgE antibody (omalizumab) 
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As a third form of an adjunctive therapy, the use of anti-IgE antibody (omalizumab) in 
combination with BVIT has been studied to determine whether it can enable desensitization in 
subjects who have failed immunotherapy with conventional protocol. Apart from one 
unsuccessful case study [104], in a handful of published case reports, HBV allergic-patients 
who experienced serious systemic adverse reactions to BVIT, including patients with 
mastocytosis, were able to tolerate BVIT when premedicated with the anti-IgE antibody [105-
108]. Omalizumab was used as pre-treatment for a couple of weeks in some cases, while in 
others, it was an integral part of the combined therapy until the end of BVIT [107] or it was 
discontinued after some months and maintenance BVIT pursued without any problem [109]. 
Because anti‐IgE does not seem to be equally effective in all patients, it is difficult to 
determine the dose of anti-IgE therapy that would give a satisfactory level of protection from 
adverse reactions for every patient. The optimal protocol in terms of therapy duration and 
dosage of omalizumab still needs to be established. Moreover, the treatment with anti-IgE 
antibody is still associated with considerable costs, which is likely to be prohibitive in many 
countries. 
 
4. EXPLORATION OF ALTERNATIVE ADMINISTRATION ROUTES  
Administration route plays an important role in directing the immune response to 
immunotherapy towards proallergenic or tolerogenic type. The sublingual application is 
advantageous for allergen immunotherapy due to the presence of a high population of 
tolerogenic dendritic cells in mucosal tissues. A trial conducted by Severino et al. [110] 
assessed the efficacy of sublingually applied HBV in 26 patients with large local reactions to 
a bee sting during 6 months. The treatment was well tolerated and led to more than a double 
reduction of the wheal size in 57% of patients in the active group compared with the placebo-
treated control group. Since large local reactions are not an indication for BVIT, these results 
must be validated in patients with systemic reactions [111,112]. 
In many countries, sublingual immunotherapy (SLIT) is already used in clinical practice for 
the treatment of inhalational allergies [113]. Generally, it has gained interest thanks to the 
favourable safety profile and a convenient home administration [114-115]. However, although 
initially seemed that the SLIT would be a better option for patients than subcutaneous 
immunotherapy (SCIT), studies reported rather poor patient adherence to SLIT, which was 
found to be even lower than with SCIT [116]. The analysis of prescription data on SCIT and 
SLIT for inhalational allergies found an unsatisfactory adherence and persistence rates into 
the third year of treatment in up to 51% of adult patients and of 44.1% in children and 
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adolescents [117]. Approximately 70% of them reported heavy time demands of the treatment 
as the main reason for non-compliance. Therefore, an attractive concept of intralymphatic 
allergen administration was recently proposed to reduce the dose and number of injections. In 
studies on inhalation allergies, intralymphatic immunotherapy was found to ameliorate patient 
symptoms with only 3 injections within 12 weeks compared with SCIT which required up to 
100 injections over 3 to 5 years to induce the same effect [118]. This is explained by 
geographical concept of immunogenicity, which relies on findings that strong immune 
response can be generated by antigens that reach the secondary lymphoid organs, where the 
exposure to high numbers of T and B cells can occur, whereas antigens that bypass secondary 
lymphoid organs have a less chance to encounter specific T or B cells and thus are mostly 
ignored [119]. Martinez-Gomez et al. [120] tested this approach on a mouse model of HBV 
allergy and found that intralymphatic administration of 100-fold lower doses of Api m 1 
elicited enhanced T-cell responses and more than tenfold higher production of IgG2a 
compared with subcutaneous immunization. The treatment increased secretion of IL-2 and 
IFN-γ as well as IL-4 and IL-10 suggesting that, rather than polarized, an overall stronger 
response was induced. In the proof-of-concept clinical trial, seven of eight HBV-allergic 
patients treated with three low-dose intralymphatic injections of HBV were protected after 
sting challenge. Similar preliminary results were obtained in a multi-center trial with 66 
HBV-allergic patients [118]. 
ILIT injections are generally painless, but intralymphatic administration is more complex than 
SCIT and thus restricted to specialist centers. Since targeted nodes are relatively small (0.5–
1.5 cm), complex medical equipment and higher technical precision are required. Despite the 
use of a fine needle and ultrasound guidance, it is sometimes difficult to penetrate the capsule 
surrounding the lymph node, which may lead to inadequate administration of allergen. These 
technical aspects should be taken into consideration when discussing ILIT. Furthermore, it is 
important that the injections are given at 4-week intervals, which has been highlighted in the 
recent study where 2-week injections showed no clinical improvement despite the indications 
of immunological tolerance. The reason for this is thought to be the short interval between 
injections that does not allow enough time for the development of antigen-specific immune 
responses [121]. 
   
5. CONCLUSION 
Many new forms of immunotherapy for HBV allergy have been tested in preclinical settings 
with quite a success. The research approaches have evolved from initial chemical 
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modification of allergen preparations aimed primarily at reducing their allergenic activity to 
recent innovations in adjuvants and delivery systems which together with application through 
alternative routes are aimed at enhancing vaccine efficacy. However, their clinical 
development has generally been slow. Api m 1-derived T cell epitope peptides are the only 
recombinant derivatives of HBV allergens that have been clinically tested thus far. They 
showed limited therapeutic efficacy in several phase I clinical studies, but the research has not 
been pursued further. The issues with MHC II restriction and late-phase T cell-mediated side 
effects make T cell epitope peptides, which originally appeared to be attractive, somewhat 
less appealing. Though at the early stage of research, mimotope technology creates an 
opportunity of targeted epitope-specific therapy without the risk of T cell-mediated adverse 
events. Among other clinically tested modalities, a combination of omalizumab with BVIT 
was successful in preventing severe side-effects during BVIT in high-risk patients, whereas 
clinical trials exploring the intralymphatic application of HBV allergens showed encouraging 
preliminary results but need more data. Overall, the advances outlined in this review need 
more investigation, particularly in larger clinical trials, to fully ascertain their potential to 
improve BVIT. Based on the conducted studies presented herein, we can say that the 
knowledge-based design of epitope-focused vaccines offers many advantages over traditional 
vaccines. However, the efficacy of individual therapeutic modalities might be insufficient to 
achieve complete clinical tolerance. Thus, we anticipate that a combination vaccine, which 
consists of all protective epitopes coupled with TH1-stimulating adjuvants or incorporated into 
delivery systems and administered directly to the specific immune cells might provide a 
solution to overcome the limitations of individual methods possibly through synergistic 
action.  
 
6. CHALLENGES AND FUTURE PROSPECTS  
The design of allergy therapy that has high safety, efficacy and the ability to induce immune 
tolerance in a short time has appeared to be more complex than anticipated at the beginning. 
This is evident by the fact that after 50 years of research in the field (from the first allergoids´ 
studies in the 1970s until now), only sublingual immunotherapy and monophosphoryl lipid A-
adjuvanted allergoid vaccines are licensed. The translation of results from successful proof-
of-principle reports in animal models to well-executed human clinical trials has proved to be 
particularly difficult in most of the cases.  
In the next years, the allergy research field will probably evolve in various directions. We 
now understand that the response to allergy vaccine is dose- and individual-dependent. The 
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growing understanding of the molecular mechanisms of immunetolerance is expected to be 
translated into more optimized design of multiepitope vaccine. Future vaccine regimens will 
cope with the diversity of immune response in the target population. More epitope candidates 
and newly designed vaccines are expected. The field of bioinformatics has opened the 
possibilities for finding of epitopes in silico and will be used more extensively together with 
experimental methods to facilitate the design of epitope-focused vaccines. Moreover, an 
increasing knowledge of the molecular mechanisms of immunodominance is expected to be 
translated into the identification of epitopes with increased biological activity. In terms of 
vehicle, additional delivery systems and routes will probably be evaluated. Finally, the field 
of allergy diagnosis is undergoing a drastic improvement in the area of molecular testing with 
defined, mainly recombinant allergens which allow high-resolution diagnosis. With the ability 
to determine patients’ IgE sensitization profiles to individual allergens and peculiar reactivity 
patterns to specific epitopes, it is conceivable that we may define the patients in which a given 
therapy will work as well as those who are at increased risk of side effects during 
immunotherapy and thus tailor the therapy to individual patient (personalized treatment).  
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Specifiĉna imunoterapija predstavlja edini kurativni naĉin zdravljenja alergijskih bolezni. 
Izkazala se je za uĉinkovito, vendar zahteva veĉletne, ponavljajoĉe se aplikacije izvleĉkov 
alergena (3-5 let) in pogosto povzroĉa neţelene uĉinke. Zato obstaja potreba po novih 
strategijah, ki bi omogoĉile varnejšo in kratkotrajnejšo terapijo in poslediĉno boljšo 
komplianco bolnikov. Razvoj cepiv na osnovi posameznih rekombinantnih alergenov in 
alergenskih peptidov predstavlja obetaven pristop. Ĉeprav so alergeni in njihovi derivati 
dobro opredeljeni kot antigeni v cepivih z molekularnega vidika in so bolj varni v primerjavi z 
alergenskimi ekstrakti, imajo obiĉajno manjšo imunogenost in slabšo stabilnost, zato 
potrebujejo ustrezni dostavni sistem. Za ta namen intenzivno preuĉujejo viruse, bakterije in 
njihove strukturne komponente. V ĉlanku predstavljamo rezultate in vitro in in vivo raziskav, 
v katerih so preuĉevali imunomodulatorne sposobnosti mikroorganizmov in njihovih 
strukturnih proteinov ter analizirali njihov potencial za dostavo alergenov in peptidnih 
fragmentov alergenov v imunoterapiji alergij. Obravnavamo tudi druge pomembne vidike in 




Ključne besede: alergen specifiĉna imunoterapija, bakteriofag, dostavni sistem, 
mleĉnokislinske bakterije, površinski proteini (S) plasti virusne ovojnice, virusu podobni 
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Allergen-specific immunotherapy represents the only available curative approach to allergic 
diseases. The treatment has proven effective, but it requires repetitive administrations of 
allergen extracts over 3-5 years and is often associated with adverse events. This implies the 
need for novel therapeutic strategies with reduced side effects and decreased treatment time, 
which would improve patients’ compliance. Development of vaccines that are molecularly 
well defined and have improved safety profile in comparison to whole allergen extracts 
represents a promising approach. Molecular allergy vaccines are based on major allergen 
proteins or allergen-derived peptides. Often, such vaccines are associated with lower 
immunogenicity and stability and therefore require an appropriate delivery vehicle. In this 
respect, viruses, bacteria, and their protein components have been intensively studied for their 
adjuvant capacity. This article provides an overview of the microbial delivery vehicles that 
have been tested for use in allergy immunotherapy. We review in vitro and in vivo data on the 
immunomodulatory capacity of different microbial vehicles for allergens and allergen-derived 
peptides and evaluate their potential in development of allergy vaccines. We also discuss 
relevant aspects and challenges concerning the use of microbes and their components in 
immunotherapy of allergic diseases.  
 
 
Keywords: allergy immunotherapy, bacteriophage, delivery vehicle, lactic acid bacteria, S-
layers, virus-like particle, viral surface protein 




Allergen-specific immunotherapy is based on the repeated administration of increasing doses 
of allergen extracts over 3-5 years (Akdis and Akdis, 2014). Although this conventional 
immunotherapy regimen has proven effective, several important weaknesses such as the high 
percentage of undesired IgE-mediated adverse effects and long treatment duration are forcing 
the development of novel immunotherapeutic approaches and preparations (Larsen et al., 
2016). One possible approach relies on design of molecular allergy vaccines which include 
individual allergen proteins (recombinant allergens), allergen-derived peptides carrying 
relevant epitopes or epitope-mimicking peptides (mimotopes) (Szalai et al., 2008; Marth et 
al., 2014; Tscheppe and Breiteneder, 2017; Valenta et al., 2017). Allergen-derived peptides 
are designed to contain antigenic determinants of major allergens (epitopes) that are capable 
of activating the appropriate cellular and humoral responses while avoiding possible 
allergenic and/or reactogenic responses induced by whole allergens and allergen extracts. T 
cell epitope peptides are longer synthetic peptide sequences derived from primary allergen 
structure (Moldaver and Larché, 2011). B cell epitope peptides and mimotopes are short 
peptides that include or mimic three-dimensional IgE binding sites of allergens, respectively.  
Recombinant allergens and particularly allergen-derived peptides are generally inadequately 
immunogenic and their immunogenicity is usually enhanced with application of an adjuvant 
(Siskind et al., 1966; Valenta et al., 1999). However, traditional agents and preparations with 
adjuvant properties are badly tolerated, and only a couple of them are appropriate for human 
use (Petrovsky, 2015). Aluminium hydroxide is the most widely used adjuvant in allergy 
immunotherapy with excellent safety record but has some limitations, particularly with regard 
to its profound TH2-biasing effects (Hogenesch, 2012). Therefore, current research aims to 
develop new, potent and effective delivery vehicles for allergens or allergen-derived peptides 
that are able to induce tolerance and analogous to cytosine-phosphate-guanine (CpG) motifs 
exhibit TH1-immunostimulating properties (Johansen et al., 2005). An ideal delivery vehicle 
should possess the following characteristics: 1) provide targeted delivery and efficient 
presentation of vaccine components to the specific immune cells in a manner that would 
induce appropriate immune response (Moingeon et al., 2002; Souza et al., 2005); 2) exhibit 
low intrinsic immunogenicity to allow readministration in order to boost relevant specific 
immune response (Chesné et al., 2016); 3) sustain the vaccine release over an extended period 
of time; 4) protect vaccine components from degradation; and 5) allow large-scale production 
at low cost (Souza et al., 2005; Jafari and Abediankenari, 2016). 
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Over the recent years, viruses and bacteria have been intensively studied for their potential as 
delivery vehicles in allergy vaccines. Here, we discuss different aspects of microbial delivery 
vehicles of allergens and allergen-derived peptides employed in allergy immunotherapy in the 
attempt to develop formulations with improved immunogenicity and stability as well as the 
ability to target specific cells.  
 
2. Whole viral and bacteriophage particles as delivery vehicles 
Despite their inherent ability to induce humoral and cellular immune responses, a major 
obstacle in using eukaryotic viruses as delivery vehicles in humans is their potential 
pathogenicity and oncogenic integration into the genome of the host cells (Souza et al., 2005; 
Bakhshinejad and Sadeghizadeh, 2014; Jafari and Abediankenari, 2016). The presence of pre-
existing immunity to the viral vector, which causes fast viral clearance from the body and 
thereby reduces the dose of the vectored antigen even before it is able to elicit an immune 
response, is another limitation to their general use (Souza et al., 2005; Saxena et al., 2013). 
These disadvantages have stimulated the search for novel more adequate vaccine delivery 
vehicles among non-eukaryotic viruses. Figure 1 shows a schematic representation of 




Figure 1. Schematic representation of viral delivery vehicles that have been tested for use in allergy 
immunotherapy. (A) Viral and phage delivery vehicles displaying allergen-derived peptides (red) on 
their surface; (B) Virus-like particles as delivery vehicles of allergens or allergen-derived peptides 
(red) that are incorporated into the virus-like particle either by chemical coupling or by recombinant 
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expression as fusion proteins; (C) Single viral (yellow) and phage surface protein carriers (green and 
blue) of allergen-derived peptides. 
 
Bacteriophages (or phages for short) are viruses that infect bacteria. They are composed of 
DNA or RNA genome encapsulated inside a protein shield called capsid. In contrast to 
eukaryotic viruses, phages propagate in a prokaryotic host, and therefore appear as an 
attractive alternative for use in humans (Bakhshinejad and Sadeghizadeh, 2014; Jafari and 
Abediankenari, 2016). They act as inert particulate antigens, which are taken up and 
processed by antigen-presenting cells, and thus induce specific immune response by targeting 
delivery to these cells (Gao et al., 2010). The studies demonstrated that phages can induce 
both humoral and cellular immune responses without the use of an adjuvant (Adhya et al., 
2014; Clark and March, 2014; Jafari and Abediankenari, 2016). Protection of the displayed 
peptides from a variety of harsh environmental conditions by phage particle provides 
extended degradation time and makes phages appropriate vectors for oral and mucosal 
applications (Delmastro et al., 1997; Jensen-Jarolim et al., 1998; Jepson and March, 2004). 
Combination of the feasibility of large-scale, cost-effective production and ease of 
modification makes them appealing for the industrial development of phage-based vaccines. 
Phage-based vaccines are usually developed by recombinant fusion of the antigen to one of 
the virion surface proteins, of which the pIII and pVIII of M13 phage are used most 
frequently (Fig. 1A). Such phage virions have the antigenic sequence included in their 
genome, which allows steady production of the vaccine construct through bacterial 
amplification (Aghebati-Maleki et al., 2016). Alternatively, the antigenic sequence may be 
conjugated to the phage surface via artificial linkers (van Houten et al., 2010). This allows a 
broader range of antigens to be displayed. However, the vaccine construct must be prepared 
by synthesis for each batch. The intensity of immune response depends on characteristics of 
the displayed peptide and the method of its display. For example, pIII fusions usually exhibit 
lower immunogenicity than pVIII fusions (Jensen-Jarolim et al., 1998; Scholl et al., 2002). 
The reason for this probably lies in the copy number difference. There are 2700 copies of the 
major coat protein (pVIII) and only five copies of the minor coat protein (pIII) present on the 
surface of M13 filamentous phage (Fig. 1 A). Namely, an antigen displayed in high copy on 
the surface of an individual phage virion is more effective in eliciting an immune response 
than the same antigen displayed in low copy number (Rakonjac et al., 2011). In general, 
phages possess comparable immunogenicity to that of the traditional carrier proteins such as 
bovine serum albumin or keyhole limpet hemocyanin and essentially have a small number of 
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their own B cell epitopes to deflect antibody response away from the molecule they display 
(Luzar et al. (2016a). Indeed, it has been shown that filamentous phage carriers elicit antibody 
response that is more focused against displayed peptides compared to the traditional carrier 
protein ovalbumin (van Houten et al., 2006). Although still in early stages of development, 
phage-based vaccines have been used to induce protection against infectious diseases and 
cancers in preclinical studies and have also been tested in phase I/II clinical studies 
(Roehnisch et al., 2014). Both icosahedral phages (such as lambda, T7, T4) and filamentous 
phages (such as fd, F1, M13) have been used for production of these vaccines (Jafari and 
Abediankenari, 2016). 
In allergy immunotherapy, filamentous phage M13 has been most commonly employed for 
delivery of allergen-derived peptides (Chen and Dreskin, 2017). In the study performed by  
Luzar et al. (2016b), the filamentous phage particles displaying mimotopes of major cat 
allergen Fel d 1 (approximately 150 copies fused to major coat protein pVIII) were 
constructed and evaluated for their potential as vehicles for a cat allergy vaccine. Even though 
the mimotopes recognized IgE from sera of cat-allergic patients they did not activate the 
basophils of these patients. The phage carrier on the other hand caused nonspecific 
stimulation of basophils probably triggering receptors of innate immunity such as Toll-like 
receptors, which are known to be present on basophil surface (Suurmond et al., 2014). 
Importantly, phage-displayed mimotopes were able to induce preferentially TH1 directed 
response (increased IFN-γ production) in cultures of peripheral blood mononuclear cells 
(PBMCs) from allergic patients. 
The ability of phage-displayed mimotopes to induce antibodies specific for the whole allergen 
has been demonstrated in animal studies. In a mouse model, intragastric as well as intranasal 
administration of phages displaying mimotopes of major birch pollen allergen Bet v 1 
(approximately 2700 copies fused to major coat protein pVIII) induced Bet v 1-specific IgG 
response (Jensen-Jarolim et al., 1998; Scholl et al., 2002). Unfortunately, this IgG failed to 
induce immune tolerance to Bet v 1 in skin reactivity test emphasizing the importance of 
peptides’ ability to adequately mimic the IgE epitopes on allergen (Knittelfelder et al., 2009). 
Since epitope specificity of an induced IgG antibody can be decisive for the success of 
therapy, particular attention must be paid to this issue during the development of peptide-
based vaccines. 
The studies suggest a possible future for filamentous phages as delivery vehicles in the 
therapy of allergic reactions. Nevertheless, several important drawbacks currently limit their 
application in clinical practice. Although the phage therapy has proven safe in healthy human 
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volunteers (Bruttin and Brussow, 2005), some phages have the potential to release endotoxin 
from lysed gram-negative bacteria (Young, 1992). This concern can be avoided with the 
application of non-lytic filamentous phages (e.g., M13 phage). However, when administered 
via oral route, these phages may transfer virulence factors or genes that confer antibiotic 
resistance to F-pili positive intestinal microbiota and thereby generate new unwanted traits 
(Bazan et al., 2012; Colavecchio et al., 2017). Additionally, long-term treatments with phages 
or phage exposure itself can induce an antibody response against phages, which can decrease 
their titer and reduce the effectiveness of therapy (Clark and March, 2014). Therefore, 
substantial evidence acquired in clinical trials, particularly regarding phage safety and 
effectiveness in subjects, who are positive for anti-phage antibodies, is still missing. 
 
3. Self-assembling virus-like particles as delivery vehicles 
Virus-like particles (VLPs) are composed of one or several viral structural proteins that have 
the ability to self-assemble during recombinant expression (Fuenmayor et al., 2017). They 
resemble and mimic the structure of actual viruses (Zeltins, 2013). A key advantage of VLPs 
is the lack of viral genomic material, which enhances safety during both manufacture and 
administration (Klimek et al., 2014). VLPs are composed of many subunits of one or more 
viral capsid proteins, which can be modified to display short peptide sequences in high-
density at their surface either by genetic engineering or by chemical coupling, as 
schematically represented in Figure 1B (Brown et al., 2009; Schmitz et al., 2009). The 
findings in mouse models showed that an antigen presented to the immune cells in a highly 
ordered repetitive fashion is capable of eliciting strong antibody response even in the absence 
of adjuvant, while the same antigen presented as a monomer appears to be non-immunogenic 
(Feldmann and Easten, 1971; Marth et al., 2013). Examples of such natural repetitive 
immunogenic structures are surfaces of viruses and bacteria. There is also epidemiologic 
evidence that the repetitiveness of antigen correlates with its immunogenicity for B cells in 
human subjects (Jegerlehner et al., 2002a). This was essentially the rationale for the use of 
VLPs as carriers of allergens and allergen-derived peptides. 
First, Jegerlehner et al. (2002b) showed that the antigens displayed on VLPs derived from the 
180 coat protein subunits of the bacteriophage Qβ (Qβ-VLPs) are highly immunogenic in 
mice. A strong IgG2-dominated antibody response was induced by Qβ-VLPs because of the 
presence of bacterial host RNA, which is a ligand of Toll-like receptors. It was encapsulated 
into the VLPs during self-assembly process (Forsbach et al., 2007). Similarly, Qβ-VLPs have 
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been shown to greatly enhance the immunogenicity of major cat allergen Fel d 1 chemically 
coupled to their surface (Schmitz et al., 2009). 
In the first human use of VLP-based vaccines, Kunding et al. (2006) generated a construct 
composed of a peptide sequence from major house dust mite allergen Der p 1 chemically 
coupled to bacteriophage Qβ coat protein and evaluated its safety and immunogenicity in 
phase I clinical trial. Twenty-four healthy volunteers were vaccinated by two different routes 
(subcutaneous and intramuscular) with two different doses (10 µg and 50 µg of total protein) 
without the use of an adjuvant. The treatment was well tolerated. All immunized subjects 
developed a significant antibody response to both Der p 1 and bacteriophage Qβ coat protein, 
even after single injection demonstrating that allergen coupled to highly repetitive VLPs is an 
efficient approach for rapid induction of high titers of antibodies in human subjects (Kundig 
et al., 2006). The response depended on the administered dose, while the immunization route 
had only small influence. These findings were extended in phase I/IIa clinical trial, in which 
Senti et al. (2009) investigated the safety, tolerability and clinical effectiveness of treatment 
composed of house dust mite extract and deoxynucleotides with CpG motifs packaged into 
Qβ-VLPs. CpG motifs are known ligands of Toll-like receptor 9 with TH1-immunostimulating 
properties (Johansen et al., 2005). Twenty-one dust mite allergic patients were enrolled in an 
open monocentric study. The results showed high level of safety and good tolerability. The 
treatment led to increased allergen-specific IgG and reduced skin reactivity to house dust mite 
extract. Almost complete tolerance to the allergen in conjunctival provocation testing and a 
significant reduction of rhinitis and allergic asthma symptoms were observed. After 10 weeks 
of treatment, patients were almost without symptoms. This alleviation lasted for at least 38 
weeks after the treatment (Senti et al., 2009). 
VLPs obtained from adeno-associated viruses (AAVLPs) are composed of 60 copies of the 
VP3 capsid protein, which can be genetically modified to display short peptide sequences. 
Manzano-Szalai et al. (2014) assessed on a mouse model the immunogenicity and safety of 
such AAVLPs displaying a B-cell epitope peptide of food allergen ovalbumin (OVA). The 
results showed that the titers of IgG1 specific for OVA in mice immunized with AAVLP-
OVA were comparable to those induced by native OVA. However, native OVA elicited high 
levels of IgE, whereas OVA displayed on AAVLPs produced background IgE values only. 
Accordingly, OVA-immunized mice, but not mice immunized AAVLP-OVA, developed an 
anaphylactic reaction upon intravenous allergen challenge, which manifested as a significant 
drop in body temperature (117). 
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4. Viral and phage surface proteins as delivery vehicles 
Different viral and phage surface proteins have also been tested for delivery of allergen-
derived peptides (Fig. 1C). In a number of preclinical studies, they showed excellent 
immunomodulatory capacity (Focke et al., 2001; Focke et al., 2010; Niespodziana et al., 
2011; Valenta et al., 2016) and proved to be suitable for clinical trials (Zieglmayer et al., 
2016). 
 
4.1 VP1 surface protein from human rhinovirus  
A study by Edlmayr et al. (2009) reported the construction of a recombinant vaccine for grass 
pollen allergy using surface protein VP1 from rhinovirus, which plays a major role in viral 
infection of respiratory cells. Recombinant fusion proteins composed of VP1 and a B cell 
epitope peptide derived from the major grass pollen allergen Phl p 1 were not recognized by 
patients´ IgE and showed no allergenic activity in basophil activation test. Immunization of 
mice and rabbits with the fusion proteins resulted in the production of IgG that cross-reacted 
with group 1 grass pollen allergens. The induced antibodies were able to block recognition of 
native Phl p 1 by patients’ IgE and Phl p 1-induced activation of basophils. 
 
4.2 Hemagglutinin A surface protein from influenza A virus  
Hemagglutinin A is a dominant glycoprotein on the envelope of influenza virus and a key 
antigen in the host response to virus infection. In a study conducted by Mrkić et al. (2016), the 
immunomodulatory potential of recombinant chimeric protein composed of the major allergen 
of house dust mite, Der p 2, and hemagglutinin A was tested in a mouse model. Intranasal 
pretreatment of mice with Der p 2/hemagglutinin A fusion, prior to sensitization with the 
allergen, significantly decreased IgE levels and markedly increased allergen-specific IgG and 
IgA levels in sera. Moreover, enhanced proliferation of CD4+CD25+ regulatory T cells was 
detected in mouse spleens after pretreatment with fusion molecule but not with the native 
allergen. This indicates that the carrier beneficially affects the immunomodulating properties 
of the vaccine. 
 
4.3 PreS surface protein from hepatitis B virus  
The PreS domain is a part of a large surface protein, which forms the hepatitis B virus 
envelope along with middle and small surface proteins. It showed good immunogenicity and 
safety during clinical use as a hepatitis B vaccine (Ilaria et al., 2016). Recently, several 
recombinant fusion proteins composed of PreS and B cell epitopes derived from allergens Fel 
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d 1 (Niespodziana et al., 2011), Der p 23 (Banerjee et al., 2014), and Bet v 1 (Marth et al., 
2013) have been constructed as vaccine candidates. The recombinant fusion proteins showed 
no relevant IgE reactivity and strongly reduced allergenic activity. Immunization of animals 
resulted in the production of allergen-specific IgG that inhibited the binding of allergic 
patients’ IgE to the native allergen as well as allergen-induced activation of basophils to a 
similar extent or better as did IgG elicited by vaccination with native allergen (Marth et al., 
2013). This indicated that some of these fusion proteins have the ability to focus IgG response 
against the major IgE-reactive sites on allergen better than the allergen itself. In PBMCs from 
allergic patients, lower T cell proliferation and lower levels of TH2 cytokine IL-5 were 
observed compared to the effect of native allergens. This was additionally associated with the 
secretion of the higher levels of the tolerogenic cytokine IL-10 and the TH1-specific cytokine 
IFN-γ (Banerjee et al., 2014). 
In the study conducted by Focke-Tejkl et al. (2015), four fusion proteins composed of B-cell 
epitope peptides from the major timothy grass pollen allergens (Phl p 1, Phl p 2, Phl p 5, and 
Phl p 6) and the PreS were generated and evaluated as components of the vaccine termed 
BM32. The BM32 vaccine, whose allergenic activity was almost completely eliminated, 
showed significantly reduced T-cell proliferation and decrease in production of 
proinflammatory cytokines in patients’ PBMCs compared to grass pollen allergens. The 
vaccine was capable of inducing specific IgG antibodies directed towards native allergens in 
mice. Moreover, induced IgG were able to inhibit the binding of patients’ IgE to all 4 major 
grass pollen allergens as well as inhibit the activation of basophils by the allergens. BM32 is 
at present farther advanced B-cell epitope-based vaccine. In the most recent multicentered 
double-blind, placebo-controlled phase 2b clinical trial, BM32 was well tolerated and 
efficiently relieved symptoms of allergic rhinitis in patients (Zieglmayer et al., 2016; 
Niederberger et al., 2018). 
  
4.4 PIII surface protein from M13 phage 
Multivalent display of antigenic epitopes provides high immunogenicity to the therapeutic 
constructs and is desirable in most cases. However, this may present a limitation in the 
context of mimotope immunotherapy. Since mimotopes imitate the natural IgE epitopes and 
normally bind IgE, they might cross-link IgE on effector cells if displayed in high density on a 
carrier. Therefore, the application of monovalent carriers of allergen mimotopes may be more 
favorable. We tested the minor coat protein pIII from M13 phage as a delivery vehicle for 
mimotopes of major bee venom allergen Api m 1. PIII-fused mimotopes were recognized 
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specifically by patients’ IgEs, thus demonstrating that they imitate the natural IgE epitope; 
however, they caused no basophil degranulation in corresponding patients. This confirmed the 
absence of allergenic activity and demonstrated that the mimotopes bound to a monovalent 
carrier such as the minor coat protein pIII are not able to cross-link IgE on basophils. In 
addition, pIII-fused mimotopes exhibited immunomodulatory effects by eliciting secretion of 
TH1 cytokine IFN-γ in PBMCs from bee venom-allergic patients, as opposed to bee venom 
and Api m 1, indicating a shift from TH2 toward TH1 immune response. These results suggest 
that the minor coat protein pIII might be suitable as a delivery vehicle for mimotopes obtained 
from phage display libraries. By using single coat proteins the problems associated with the 
application of whole phages in humans such as their potential to transfer antibiotic resistance 
to F-pili positive microbiota can also be avoided. Furthermore, the mimotopes fused to pIII 
preserve the conformation they had when displayed on phage. Hence, we can circumvent the 
problems with the loss of mimicry potential which was observed in the case of chemical 
coupling of mimotopes to certain traditional protein carriers such as keyhole limpet 
hemocyanin (May et al., 2003).  
 
5. Live bacteria as delivery vehicles 
Owing to their immunomodulatory properties, a number of probiotic strains have shown 
beneficial effects in the treatment of allergic diseases (Repa et al., 2003; Karimi et al., 2009; 
Costa et al., 2014; Ai et al., 2015b; Yepes-Nunez et al., 2016). In light of this, recombinant 
lactic acid bacteria (LAB) engineered to produce and/or deliver allergens or allergen-derived 
peptides to mucosal surfaces to induce tolerance have emerged. Figure 2 shows a schematic 
representation of different types of bacterial delivery vehicles that have been tested for use in 
allergy immunotherapy.  




Figure 2. Schematic representation of bacterial delivery vehicles that have been tested for use in 
allergy immunotherapy. (A) Live bacterial vehicles with various modes of delivery of allergens or 
allergen-derived peptides (red): intracellular expression (1), secretion (2), membrane- and cell wall 
display (3), pilus-mediated display (4); heterologous display (5); (B) Bacterial surface protein carriers 
(S-layer proteins (green) and albumin binding protein (yellow)): recombinant expression of carrier 
proteins with allergen-derived peptides (1), isolation of surface proteins and chemical coupling to 
allergens or allergen-derived peptides (2). 
 
Allergen vaccination via mucosal route is a desirable alternative to subcutaneous injections. It 
is not only easier but also increases the effectiveness against allergens that enter the body 
through mucosal surfaces (Wyszyńska et al., 2015). Some LAB strains have adjuvant 
properties and can enhance the immune response to the carried antigen (Schabussova and 
Wiedermann, 2008). They are especially suited for human use because of their ―generally 
regarded as safe‖ (GRAS) status (Berlec et al., 2012; Trombert, 2015). Furthermore, LAB 
ability to withstand the passage through the gastrointestinal tract makes them an ideal oral 
delivery vehicle (Hynonen and Palva, 2013). Gut colonization by live strains allows the 
reducion of the number of vaccine doses required and also simplifies the immunization 
procedure to a great extent. Recombinant LAB serve as production hosts and as protective 
coatings at the same time. This can result in lower costs, as there is less need for purification 
of allergen protein and development of formulation. Additionally, lyophilization of LAB 
increases their stability at room temperature (Berlec et al., 2012). All of these characteristics, 
particularly, the immunomodulating and adjuvant effects as well as high safety profile, make 
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LAB an attractive delivery vehicle for the construction of allergy vaccines. Live bacterial 
vehicles with intracellular, cell wall or membrane based display of antigens are schematically 
represented in Figure 2A. 
 
5.1 Mucosal delivery of allergen-expressing LAB in food allergy 
In the context of food allergy, oral pretreatment of mice with L. lactis strains secreting β-
lactoglobulin, the major cow’s milk allergen, induced a shift towards TH1 immune response 
and reduced the IgE levels. The best results were obtained with the strains that produced the 
highest amounts of β-lactoglobulin (Adel-Patient et al., 2005). In another study, similar 
effects on mice were obtained with Lb. casei expressing the same allergen (Hazebrouck et al., 
2006). 
Oral tolerance is an unresponsiveness of gut immune system to innocuous food antigens 
ingested by oral route. This process is regulated by multiple mechanisms, in which the dose of 
the antigen has an important role. High doses of antigen induce deletion or anergy of the T 
cells recognizing the antigen, whereas low doses induce antigen-specific regulatory T cells, 
which promote active suppression through secretion of tolerogenic cytokines (such as IL-10 
and transforming growth factor β). Induction of regulatory T cells is a major goal for 
immunotherapy of allergic diseases, and it can be achieved by exposing the mucosal immune 
system to low doses of antigen (Mowat, AM., 2003). Accordingly, the application of L. lactis 
secreting egg ovalbumin (LL-OVA) to transgenic mice with expressed OVA-specific T cell 
receptor on CD4+ T cells caused a reduction in delayed-type hypersensitivity responses to 
OVA. This reduction was mediated by induction of CD4+CD25+ regulatory T cells that 
secreted transforming growth factor β. Restimulation of splenocytes and gut-associated lymph 
node tissue from these mice with OVA caused reduced IFN-γ and increased IL-10 production. 
The effect was achieved with substantially lower doses of OVA (up to 10 µg), secreted in the 
gut upon repeated oral administration of LL-OVA, compared to that typically used for 
successful tolerance induction (5 mg). Interestingly, control L. lactis carrying the empty 
vector also suppressed OVA-specific delayed-type hypersensitivity responses albeit to a lesser 
extent than LL-OVA. Contrary to the control, induction of regulatory T cells was detected 
only in mice fed with LL-OVA (Huibregtse et al., 2007). The mechanism by which wild-type 
L. lactis suppressed OVA-specific delayed-type hypersensitivity response remains to be 
explored. Whether administration of L. lactis simply mixed with low doses of soluble OVA 
also induces oral tolerance is worth exploring as it can overcome the need to use recombinant 
bacteria.  
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5.2 Mucosal delivery of allergen-expressing LAB in respiratory allergies 
In studies involving inhalational allergies, oral administration of Lb. plantarum expressing 
major dust mite allergen Der p 1 and Lb. acidophilus expressing another major dust mite 
allergen Der p 5 reduced hyperreactivity and inflammation of the airways induced by allergen  
and decreased the production of specific IgE (Charng et al., 2006; Rigaux et al., 2009). Also, 
in a murine model of cedar pollinosis Lb. plantarum secreting major Japanese cedar pollen 
allergen Cry j 1 was able to suppress nasal clinical symptoms and allergen-specific IgE 
response upon oral administrations (Ohkouchi et al., 2012). Similarly, recombinant L. lactis 
and Lb. plantarum that produce inhalational alleren Bet v 1 were evaluated for their 
immunomodulating potential in a murine model of birch pollen allergy. A prophylactic 
intranasal immunization of mice, caused an increased production of allergen-specific IgA and 
induced a shift toward TH1-specific immune response (Daniel et al., 2006). Different routes of 
application were compared and intranasal application seemed more effective than the 
intragastric route. Moreover, Lb. plantarum was more effective carrier compared to L. lactis. 
This was attributed to lower production of Bet v 1 and shorter intestinal transit time of L. 
lactis (Daniel et al., 2007). Therefore, the intrinsic immunomodulating capacities of the strain, 
gut persistence, or both, are important contributing factors. Additionally, cellular location of 
produced allergen showed influence on the treatment efficacy. The Bet v 1 secreting strain of 
Lb. plantarum, particularly after intranasal pretreatment, led to a stronger reduction of 
allergen-specific IgE and higher secretion of TH1-dependent IgG2a compared to the  Lb. 
plantarum that produced the allergen intracellulary (Daniel et al., 2007). 
 
Recently, pre-, peri- and/or postnatal periods have been proposed as a critical short-time 
interval when many factors influence the onset and course of allergic diseases. Several 
clinical studies have found an association between a reduced number of lactobacilli or 
bifidobacteria in the early intestinal microbiota of atopic children and the occurrence of 
allergic diseases later in life (Marschan et al., 2008). Thus, intervening at an early 
developmental stage seems reasonable targeted preventive strategy to modulate immune 
responses in a long term. Indeed, this was confirmed in a study conducted by Schwarzer et al. 
(2011), in which germ-free mice were colonized with the Lb. plantarum producing Bet v 1 
and did not develop birch pollen allergy later on. The effect was associated with an increased 
immunoregulatory responses and a shift to a nonallergic TH1 phenotype. Notably, in this 
study the wild-type Lb. plantarum itself had no suppressive effects on the allergic immune 
response. The effects depended on the expression of the specific allergen.  




Besides allergens, allergen-derived T cell epitope peptides displayed on LAB were evaluated 
for active vaccination and induction of tolerance in allergy. Mucosal immunization of mice 
with peptide from the house dust mite followed by treatment with recombinant Lb. plantarum 
expressing an immunodominant T-cell epitope of major dust mite allergen Der p 1 inhibited 
production of both IFN-γ and IL-5. The effect on IFN-γ was shown to be a non-specific effect 
of Lb. plantarum, while the effect on IL-5 production was observed only when the Lb. 
plantarum expressing Der p 1-derived peptide was used for treatment (Kruisselbrink et al., 
2001). Similarly, L. lactis was engineered to express peptides containing major T cell epitopes 
of another major dust mite allergen Der p 2 and their protective effects were evaluated in Der 
p 2-senzitized BALB/c mice model. Mucosal delivery of these strains reduced specific IgE 
levels and decreased lung inflammatory responses caused by Der p 2. The study showed an 
increase of specific IgG2a in serum and a proliferation of regulatory T cells in mesenteric 
lymph nodes in association with the protective responses (Ai et al., 2015a). 
 
L. lactis produces a cell envelope structural component known as a polysaccharide pellicle, 
which might restrict accessibility of the heterologous peptide (Chapot-Chartier et al., 2010). 
This can be circumvented by displaying foreign peptides on the tip of a pilus to expose the 
peptides at a distance from the cell envelope (see Fig. 2A for schematic representation) 
(Quigley et al., 2009). The pilus structure is also highly immunogenic. In the proof-of-
principle study, the peptide from the major egg allergen ovomucoid (Ova324–339) was 
inserted into three different loop regions of the monomeric pilus backbone protein from group 
A Streptococcus pyogenes serotype M1 (PilM1) and expressed in high copy number as a part 
of pili on the surface of L. lactis (LL-PilM1-Ova). Intranasal immunisation of mice with LL-
PilM1-Ova generated measurable Ova-specific systemic and mucosal responses (IgA and 
IgG). Notably, Ova-specific IgG or IgA were not detected in serum or mucosal sites when 
synthetic Ova324–339 was mixed with LL-PilM1. This indicates that the adjuvant property of 
L. lactis alone is not sufficient to induce Ova-specific immunity and suggests that the physical 
integration of the peptide into the pilus structure is important, probably due to peptide 
stabilization and prevention of enzymatic degradation (Wagachchi et al., 2018). This method 
seems to be a promising strategy for display of allergen-derived peptides on the LAB and 
remains to be compared with other modes of delivery (e.g., intracellular, cell wall anchored). 
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Taken together, these studies have shown that recombinant LAB pose as efficacious live 
vehicles that elicit specific and protective immune responses against the allergens or allergen-
derived peptides. However, none of these constructs have been tested in human studies thus 
far. Several disadvantages of the engineered recombinant LAB have prevented their wider use 
in therapy. In the case of in vivo production of therapeutic molecules, the precise dosage is 
difficult to control. Moreover, the fate of the bacteria in the intestine and pharmacokinetics 
are difficult to determine (Berlec et al., 2012). Importantly, the major hindrance has been the 
fear of release of the genetically modified organism into the environment. Even though this 
has been successfully tackled by the development of containment system for L. lactis (Steidler 
et al., 2003) regulatory authorities will probably prefer the use of killed bacteria or bacteria-
like particles (BLPs) (Berlec et al., 2012). BLPs are a non-recombinant alternative to live 
bacteria. They are obtained by treatment with hot trichloroacetic acid, which causes depletion 
of surface lipoteichoic acids, proteins, and the cytoplasmic content. The remaining intact 
peptidoglycan layer retains the particle shape similar to that of live cells (van Roosmalen et 
al., 2006). Because of the lack of recombinant DNA the risk of uncontrolled spreading of 
genetically modified material into the environment is eliminated. Another interesting 
approach to avoid the use of recombinant LAB is based on the non-covalent heterologous 
surface display of fusion proteins on unmodified, wild-type LAB (Hu et al., 2011; Zadravec et 
al., 2015a; Zadravec et al., 2015b). In both cases, foreign proteins are produced as fusions 
with cell-wall binding domains in the recombinant host and are subsequently mixed with 
either BLPs or unmodified, wild-type LAB (see Fig. 2A for schematic representation). These 
platforms allow the simultaneous presentation of several antigens, which may be significant 
for the production of vaccine candidates composed of several important allergens. Although 
these non-recombinant display technologies have not yet been tested in allergy 
immunotherapy, they open up new possibilities for improvement of allergy vaccine 
formulations. 
 
6. Bacterial surface proteins as delivery vehicles 
 
6.1 S-layer proteins 
 
Bacterial surface S-layers are two-dimensional crystalline arrays of glycoprotein subunits that 
make up the outermost layer of many bacteria (Fig 2B). S-layers have been shown to possess 
strong adjuvant properties and represent excellent carrier candidates for immunotherapeutic 
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vaccines (Raha et al., 2005; Sleytr et al., 2014). The general applicability of S-layers as 
vaccine carriers for treatment of type I allergy was tested using S-layer self-assembly products 
from Lysinibacillus sphaericus or Thermoanaerobacter thermohydrosulfuricus chemically 
conjugated with recombinant Bet v 1 (Jahn-Schmid et al., 1996). In a subsequent study by 
Jahn-Schmid et al. (1997), T cell lines derived from PBMCs of birch pollen-allergic patients 
were induced either using recombinant Bet v 1 alone or Bet v 1/S-layer conjugates. After re-
stimulation with Bet v 1, T cell lines induced with conjugates showed substantial increase in 
IFN-γ production compared to T cell lines induced with allergen only. The presence of IFN-γ 
in the induction phase of T cell lines has been described to lead to a preferential development 
of T cell clones with a TH1-like phenotype. Indeed, most of the T cell clones derived from the 
Bet v 1-induced T cell lines (55%) exhibited a TH2-like pattern of cytokine production and 
majority (79%) of the T cell clones established with the Bet v 1/S-layer conjugates revealed 
TH1 pattern. In PBMC cultures stimulation with S-layer proteins and Bet v 1/S-layer 
conjugates but not recombinant Bet v 1 increased production of IL-12, an essential mediator 
of TH1 response. This indicates an adjuvant effect of S-layer mediated by IL-12 (Jahn-Schmid 
et al., 1997).  
 
In the following years, recombinant fusion of the Bet v 1 to S-layer proteins successfully 
replaced the procedures of chemical coupling. For example, recombinant fusion of Bet v 1 
with S-layer proteins, SbpA from Bacillus sphericus and SbsC from Bacillus 
stearothermophilus, yielded two S-layer/allergen recombinant constructs, which showed 
strongly reduced capacity to bind IgE compared to free Bet v 1 and possessed the ability to 
induce allergen-specific TH0/TH1 and regulatory T cell immune responses (Breitwieser et al., 
2002; Ilk et al., 2002; Gerstmayr et al., 2007). Initially, the S-layer/allergen fusion proteins 
were expressed in Gram-negative host E. coli and the associated endotoxin was subsequently 
removed by purification procedure, which is costly and time-consuming. In a recent study a 
Gram-positive, nonpathogenic bacteria with naturally high secretory capacity, Bacillus 
subtilis, was tested for expression of the endotoxin-free recombinant protein. The obtained 
fusion protein consisting of Bet v 1 and S-layer surface protein SbpA from Lysinobacillus 
sphericus showed excellent recrystallization properties and immune reactivity (Ilk et al., 
2011). Bacterial S-layers also proved to be applicable as carriers for the development of a 
peanut allergen-derived peptides. In a study by Anzengruber et al. (2017), a fusion protein of 
the S-layer protein SlpB from Lb. buchneri and the peptide AH3a42, containing 
immunodominant B-cell epitopes and one T cell epitope of major peanut allergen Ara h 2, 
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was generated. The fusion protein SlpB-AH3a42 was recognized by IgE from 69% of the 
allergic patients and did not induce β-hexosaminidase release from sensitized rat basophil 
leukemia cells. However, IgG antibodies induced by immunization of rabbits with the SlpB-
AH3a42 molecule weakly inhibited IgE-binding to the natural Ara h 2 (no more than 30%  
reduction observed with 20 patient sera) in comparison with the inhibition by anti-Ara h 2 
rabbit IgG antibodies (48% reduction). These results indicate that more than one peptide, 
derived from allergen, would probably be needed to promote wider patient protection. 
 
6.2 Albumin binding protein 
 
In the study by Ganglberger et al. (2001), the Bet v 1 mimotopes were expressed as fusion 
proteins with streptococcal albumin binding protein as a monovalent carrier and their 
antigenicity and allergenicity were examined. The fusion proteins were shown to selectively 
bind to anti-Bet v 1 human IgE thus demonstrating that the mimotopes fused to albumin 
binding protein resemble the genuine IgE epitopes. Even though they possess IgE binding 
structures, the recombinant mimotope-albumin binding protein constructs did not cause skin 
test reactivity in Bet v 1-allergic mice, indicating that mimotopes of IgE epitopes are safe for 
immunotherapy when presented in a monovalent form. Furthermore, upon vaccination of 
BALB/c mice, the constructs were able to induce Bet v 1-specific IgGs that inhibited 




Microbial delivery vehicles have been applied in allergy immunotherapy to enhance its 
efficacy, reduce side effects, and shorten the treatment. Several promising viral and bacterial 
carriers have been developed and tested. Regarding phage carriers, apart from regulatory 
constraints, the pre-existing immunity and possible transfer of antibiotic resistance prevent 
their broader application in spite of the exceptional stability, cost-effectiveness, and ease-of-
production. In general, delivery vehicles that are not genetically modified and are not 
problematic from the regulatory point of view are gaining momentum in today’s research. 
From this perspective, non-recombinant alternatives to GRAS probiotic carriers displaying 
particularly good performance in mucosal and gastrointestinal delivery are receiving attention. 
However, none of the proposed whole bacterial or whole viral delivery vehicles have reached 
the clinical phase of investigation thus far. 




Despite numerous applications which have been proposed and their proof-of-principle 
demonstrated on animal models, only two virus-derived carriers have entered human trials. 
VLPs (in combination with CpGs) showed suitable clinical tolerance and beneficial 
immunological and clinical effects. Based on their viral immunomodulatory properties, VLPs 
in general and CpGs as adjuvants were successfully used in the treatment of allergic rhinitis. 
However, large controlled studies are needed to collect more extensive clinical experience 
with this new technology. Hepatitis B virus PreS surface protein is another viral carrier that 
successfully underwent phase 2b clinical trial, in which it proved to be safe and effective as a 
vehicle for subcutaneous delivery of B cell epitope peptides in grass pollen allergy. 
 
In the future, the expression of multiple allergens or allergen-derived peptides on a single 
carrier will probably be necessary to cover a larger repertoire of the epitopes and to elicit 
optimal anti-allergic immune responses. This strategy also opens possibilities for patient-
specific immunotherapy. Knowledge of the epitopes characteristic for the individual allergic 
patient, together with technology for development of the appropriate carriers, would allow 
targeted, personalised therapy. Moreover, the combination of several functional molecules 
(e.g., delivery vehicle, adjuvant, and allergen; such as VLP/CpG/house dust mite allergens) 
might be required to maximize vaccine efficiency. Finally, a deeper understanding of cellular 
and humoral factors involved in immune responses will contribute to optimization of these 
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Alergija za strup ĉebele je potencialno smrtno nevarna, saj lahko pri alergiĉnih osebah samo 
en ĉebelji pik povzroĉi usodno anafilaksijo. Imunoterapija z izvleĉkom ĉebeljega strupa je 
dobro uveljavljeno zdravljenje. Kljub temu zaradi pogostih neţelenih uĉinkov (pri 16-40 % 
pacientov), visokega deleţa ponovitev alergije (pri 15-20 % pacientov) in dolgotrajnega 
zdravljenja (3-5 let) obstaja teţnja po razvoju novih imunoterapevtikov. Cepivo na osnovi B-
celiĉnih epitopov je obetaven pristop, ki ga pri alergiji za strup ĉebele do sedaj niso 
preuĉevali. V tej študiji smo identificirali IgE epitope in odkrili mimotope alergena Api m 1, 
ki so potencialno uporabni v terapevtske namene. S senzitivnostjo okrog 97 % je glavni 
alergen v ĉebeljem strupu Api m 1 najbolj primerena tarĉa za izolacijo mimotopov in 
naĉrtovanje imunoterapevtskih konstruktov na osnovi epitopov. 
S presejanjem bakteriofagnih knjiţnic na IgG protitelesih, usmerjenih proti Api m 1 
smo odkrili 46 edinstvenih peptidov. Veĉina peptidov se je moĉno in selektivno vezala na 
tarĉna protitelesa in so tekmovali z nativnim Api m 1 (nApi m 1) za iste paratope. Glede na 
minimalni skupni motiv smo pridobljena zaporedja peptidov razvrstili v dve skupini in jih 
poravnali s primarno strukturo Api m 1. Prva skupina 29 peptidov iz linearnih knjiţnic in 7 
peptidov iz cikliĉne knjiţnice, ki so vsebovali motiv GP[S/N/D]ELG[R/K/H], se je ujemala s 
fragmentom med glicinom na mestu 17 in fenilalaninom na mestu 24 v primarnem zaporedju 
Api m 1. Druga skupina 10 peptidov iz cikliĉne knjiţnice, ki so vsebovali motiv 
D[K/R/H]SKP(H), se je ujemala z zaporedjem Api m 1 med asparaginsko kislino na mestu 
119 in lizinom na mestu 124. Za doloĉitev lokacije epitopov na alergenu smo s pomoĉjo 
raĉunalniškega programa za epitopsko mapiranje (Pepitope) prilegali peptide na 
tridimenzionalno strukturo Api m 1. Rezultati prileganja na terciarno strukturo so se v 
precejšnji meri skladali s tistimi, ki smo jih dobili pri poravnavi peptidov s primarnim 
zaporedjem, kar potrjuje, da fragmenta Gly17-Phe24 in Asp119-Lys124 predstavljata epitope 
alergena Api m 1. Oba definirana epitopa sta na izpostavljenih zankah, ki štrlijo s površine 
alergena. Takšne topološke lastnosti so znaĉilne za epitope alergenov, ki jih prepoznajo IgE 
protitelesa. Najdemo jih tudi pri IgE epitopih alergenov Api m 2 (hialuronidaza; drugi 
poglavitni alergen v ĉebeljem strupu) in Ves v 5 (poglavitni osji alergen).  
Kratki peptidni mimotopi niso imunogeni sami po sebi, zato jih je za namen aktivne 
imunizacije potrebno pritrditi na nosilec, ki bo z aktivacijo limfocitov T zmoţen sproţiti 
protitelesni odziv. Bakteriofagi so se izkazali kot uĉinkoviti nosilci za dostavo mimotopov 
alergenov na ţivalskih modelih. Toda njihova kliniĉna uporaba je omejena zaradi hitre 
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odstranitve iz krvnega obtoka in strogih regulatornih zahtev. Poleg tega lahko predstavitev 
mimotopov v velikem številu kopij (v multivalentnem formatu) na fagu povzroĉi prekriţanje 
IgE in aktivacijo efektorskih celic. Zato predlagamo zgolj majhni plašĉni protein pIII iz 
bakteriofaga M13 kot nosilec mimotopov. PIII ohrani pravilno konformacijo mimotopov, kar 
omogoĉa njihovo ustrezno predstavitev imunskim celicam. Fuzije izbranih mimotopov in 
nosilca pIII smo izolirani iz periplazme E. coli in ovrednotili njihov imunoterapevtski 
potencial. Glede na to, da je veĉina peptidov izkazovala podobno vezavo na tarĉna protitelesa 
smo za nadaljnje vrednotenje izbrali štiri predstavnike identificiranih epitopov (linearni 
dodekapeptid SPPNALGRFLPD, linearni heptapeptid LMGPSEL ter cikliĉna heptapeptida 
CWTDLGRKC in CVDKSKPHC), glede na to, da je veĉina peptidov izkazovala podobno 
vezavo na tarĉna protitelesa.  
Ker smo kot tarĉo za izolacijo peptidov uporabili imunoglobuline razreda G, smo 
najprej testirali vezavo izbranih peptidov na IgE iz serumov pacientov, da bi ugotovili, ali 
posnemajo tudi epitope IgE. IgE iz seruma vseh 12 pacientov, alergiĉnih za strup ĉebele, so se 
vezali na štiri izbrane peptide, vezane na nosilec pIII (izolirani iz periplazme E. coli) moĉneje 
kot na nApi m 1 pri ekvimolarni koncentraciji. To pomeni, da so peptidi, vezani na pIII, bolje 
izpostavljeni za vezavo IgE protiteles kot epitopi na nApi m 1, kar kaţe, da je pIII primeren 
nosilec mimotopov. Ker so IgE proti strupom koţekrilcev prisotni v splošni populaciji, serumi 
zdravih oseb ne morejo biti negativna kontrola. Zato smo kot kontrolo uporabili dva peptida 
izolirana v selekcijah na strukturno in funkcijsko nesorodnih tarĉah, ki sta bila prav tako 
zdruţena z nosilcem pIII. Pri kontrolnih peptidih nismo zaznali IgE reaktivnosti. Za vezavo na 
IgE protitelesa so torej odgovorni mimotopi in ne na nosilec, na podlagi ĉesar sklepamo, da 
gre za mimetike IgE epitopov (t. i. mimotope). S tem smo potrdili, da mimotopi specifiĉno 
prepoznajo tako tarĉna IgG protitelesa kot tudi IgE iz seruma testiranih pacientov, kar kaţe, 
da so identificirani epitopi relevantni za oba izotipa. Vseeno pa ne moremo izkljuĉiti 
moţnosti, da Api m 1 vsebuje dodatne IgE epitope glede na to, da so bili mimotopi 
pridobljeni s presejanjem knjiţnic na protitelesih razreda IgG. 
Nadalje smo ocenili alergensko aktivnost štirih sinteznih mimotopov in njihov 
potencial za modulacijo T celiĉnega odziva pri treh pacientih. Hkrati smo testirali enega 
predstavnika mimotopov, vezanega na nosilec pIII (nakljuĉno izbrani CVDKSKPHC), da bi 
ocenili vpliv nosilca na aktivacijo bazofilcev in produkcijo citokinov. Ĉebelji strup in nApi m 
1 sta pri vseh treh pacientih poveĉala izraţanje CD63 na bazofilcih, medtem ko mimotop 
CVDKSKPHC, vezan na pIII, ni zvišal izraţanja CD63. Sintezni mimotopi so ohranili 
konformacijo v raztopini in niso povzroĉili od IgE neodvisne aktivacije bazofilcev. Ni bilo 
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opaziti razlike v aktivaciji bazofilcev med sinteznim mimotopom in pripadajoĉim 
mimotopom, vezanim na pIII, kar pomeni, da nosilec pIII ne vpliva na alergogenost peptidov. 
Potencial mimotopov za modulacijo T-celiĉnega odziva smo ocenili z merjenjem 
izloĉanja citokinov, specifiĉnih za Th2 odziv (IL-5, IL-13), in citokinov, specifiĉnih za Th1 
odziv (IL-2, IFN-γ), v kulturah mononuklearnih celic periferne krvi alergiĉnih pacientov. 
Stimulacija celiĉnih kultur s ĉebeljim strupom in nApi m 1 je poveĉala izloĉanje IL-5, IL-13 
ter IL-2. Po inkubaciji s sinteznimi mimotopi je bilo izloĉanje citokinov zanemarljivo, 
medtem ko je mimotop CVDKSKPHC, vezan na pIII, sproţil produkcijo IFN-γ. To kaţe, da 
je mimotop, vezan na nosilec pIII, sposoben sproţiti Th1 imunski odziv in nakazuje na 
premik iz Th2 v Th1 odziv, kar so tudi opazili po uspešni imunoterapiji z ekstraktom 
ĉebeljega strupa. 
Povzamemo lahko, da smo kot prvi identificirali IgE epitope alergena Api m 1. Ti so 
del proteinske domene in ne vsebujejo ogljikohidratnih determinant, kar se sklada z opaţanji 
v predhodnih raziskav, da alergogenost Api m 1 ni odvisna od navzkriţno reaktivnih 
glikanov. Izsledki te raziskave lahko prispevajo k boljšemu razumevanju molekularnih 
mehanizmov anafilaktiĉne reakcije po piku ĉebele ter odpirajo moţnosti za izboljšanje 
diagnoze in prognoze alergije za ĉebelji strup. Pripadajoĉi mimotopi predstavljajo nove 





Podpisana Abida Zahirović izjavljam, da ĉlanka Identification of bee venom Api m 1 IgE 
epitopes and characterization of corresponding mimotopes nihĉe od soavtorjev ni uporabil 
kot kriterij za zagovor doktorata. 
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Identification of Api m 1 IgE epitopes and characterization of their mimotopes described 
herein represents an important step towards better understanding of sting anaphylaxis 
pathogenesis and towards development of alternative immunotherapy for bee venom allergy. 
 
 
Keywords: bee venom allergy, Api m 1, IgE epitopes, phage display, basophil activation, 
mimotopes  
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To the Editor: 
Honeybee venom allergy is potentially life-threatening for allergic subjects because a single 
sting may cause fatal anaphylaxis. Although immunotherapy with bee venom extract is well 




high percentage of relapses 





strategies. Vaccination based on B cell epitopes
3 
offers a promising approach that has not yet 
been studied in honeybee venom allergy. With the sensitivity of up to 97%
4
, the major bee 
venom allergen Api m 1 is the most suitable for generation of epitope-based 
immunotherapeutics. In this study, we identified IgE epitopes and characterized mimotopes of 
Api m 1. 
Full methodological details are provided in this article’s Online Repository at 
www.jacionline.org. The biopanning of phage display libraries with anti-Api m 1 IgG yielded 
46 unique peptides. Most of the peptides exhibited high and selective binding to the target 
antibodies and competed with native Api m 1 (nApi m 1) for the same paratopes (see Fig E1, 
A and B in this article’s Online Repository at www.jacionline.org).  
The obtained peptide sequences were arranged into two groups according to the consensus 
motifs. The first group of 29 peptides from linear libraries and 7 peptides from cyclic library 
carrying GP[S/N/D]ELG[R/K/H] motif aligned with the sequence region 
G17P18N19E20L21G22R23F24 of Api m 1 (Fig 1, A). The second group of 10 peptides from cyclic 
library carrying D[K/R/H]SKP(H) motif aligned with the D119K120S121K122P123K124 sequence 
of Api m 1 (Fig 1, B). The peptides were further mapped onto the three-dimensional structure 
of Api m 1 using computer-based epitope mapping programme Pepitope. Conformational 
mapping substantially overlapped with primary sequence alignment, indicating that the 
regions 17-24 and 119-124 represent the epitopes of Api m 1 (Fig 1, C, red and green, 
respectively). Importantly, both defined epitopes are located on the solvent-exposed loops 
protruding from the allergen surface. This is one of the main traits of antibody epitopes and 
was also characteristic of IgE binding sites on Api m 2
5
 and Ves v 5
6
.  
For use in immunotherapy, short peptides need to be coupled to a carrier that provides T cell 
help for induction of antibody response since they are not immunogenic by themselves. 





their clinical use is limited due to the fast clearance after parenteral application and strict 
regulatory requirements. Furthermore, multivalent display of mimotopes on phage may cause 
IgE cross-linking and activation of effector cells. Therefore, we propose the use of minor coat 
protein pIII from M13 bacteriophage alone as a carrier. PIII maintains the correct 
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conformation of mimotopes ensuring their appropriate presentation to the immune cells. Since 
the peptides showed similar binding to the target antibodies, four randomly selected 
representatives (linear (SPPNALGRFLPD, LMGPSEL) and cyclic (CWTDLGRKC, 
CVDKSKPHC) were chosen for further characterization.  
Given that antibodies of IgG isotype were used as target, the reactivity of selected peptides 
with patients´ IgE was tested to determine whether they are also mimetics of IgE epitopes. 
Sera from twelve honeybee venom-allergic patients (patients 1-12, see Table E1 and patient 
characteristics in this article’s Online Repository at www.jacionline.org) showed IgE binding 
to the four selected pIII-fused peptides (isolated from E. coli periplasm), which was stronger 
than binding to nApi m 1 at equimolar concentrations (Fig 1, D). This means that the peptides 
were better exposed on pIII than on nApi m 1, thus demonstrating beneficial display 
properties of pIII carrier. Since IgE to Hymenoptera venoms are common in general 
population
8
, sera from healthy subjects could not serve as negative controls. Instead, two 
unrelated pIII-fused control peptides were used and showed no reactivity (Fig 1, D). Hence, 
binding was attributed only to the peptides, that mimic the IgE epitopes of Api m 1 
(mimotopes). Thus, the mimotopes bound to patients´ IgE as well as to target IgG which 
indicates that the identified epitopes are relevant for both antibody isotypes. However, as the 
mimotopes were selected by IgG antibodies, additional IgE epitopes on Api m 1 cannot be 
excluded.  




FIG 1. The peptide sequences obtained by biopanning of phage display libraries with anti-Api 
m 1 IgG. A, Peptides carrying consensus motif GP[S/N/D]ELG[R/K/H] were aligned to the 
N-terminal region of Api m 1. B, Peptides carrying D[K/R/H]SKP(H) consensus motif were 
aligned to the C-terminal region of Api m 1. Amino acids in red and green are the same or 
have similar physicochemical properties as residues in Api m 1 primary sequence. C, The 
surface locations of the two epitopes (red and green) identified by computational mapping of 
mimotopes to the three-dimensional structure of Api m 1 are presented. D, Binding of nApi m 
1 and pIII-fused peptides to IgE from sera of bee venom-allergic patients. Increasing 
concentration of nApi m 1 (1-4). Peptides matching to Api m 1 epitope between residues 17–
24: pIII-SPPNALGRFLPD (5), pIII-LMGPSEL (6) and pIII-CWTDLGRKC (7). Peptide 
matching to Api m 1 epitope between residues 119-124: pIII-CVDKSKPHC (8). Control 
peptides: pIII-GTFDHPQ binding streptavidin (9) and pIII-CRMQMPSDC binding anti-
human leptin antibodies (10). 




Four synthetic mimotopes were evaluated for allergenic activity and T cell response 
modulating potential in three patients (patients 1-3, see Table E1 in this article’s Online 
Repository at www.jacionline.org). One carrier-bound mimotope´s representative (randomly 
selected pIII-fused CVDKSKPHC) was tested to assess the impact of  pIII carrier on basophil 
activation and cytokine production. In response to bee venom and natural Api m 1, basophils 
of all three patients showed upregulated CD63 (Fig 2, A and B), whereas pIII-fused mimotope 
CVDKSKPHC induced no relevant CD63 expression (Fig 2, C). Synthetic mimotopes 
retained conformation in solution and did not cause IgE-independent activation of basophils 
(see Fig E1, C and Fig E2, A in this article’s Online Repository at www.jacionline.org). There 
was no difference in basophil activation between synthetic and corresponding pIII-fused 
mimotope. Therefore, pIII carrier had no impact on allergenic activity.  
T cell response modulating potential of mimotopes was assessed by measuring secretion of 
TH2-specific (interleukin (IL)-5, IL-13) and TH1-specific (IL-2, IFN-γ) cytokines in cultures 
of peripheral blood mononuclear cells. Stimulation of cultures with bee venom and nApi m 1 
elevated the levels of IL-5, IL-13, and IL-2 (Fig 2, D). Synthetic mimotopes elicited 
negligible cytokine secretion (see Fig E2, B in this article’s Online Repository at 
www.jacionline.org), whereas pIII-fused mimotope CVDKSKPHC induced the production of 
IFN-γ (Fig 2, E). This suggests potential shift from TH2 toward TH1 pattern and might imply 








FIG 2. Basophil response determined by the percentage of CD63-expressing cells in bee 
venom-allergic patients (patients 1-3). A, After addition of bee venom. B, After addition of 
nApi m 1. C, After addition of representative pIII-fused peptide mimotope. Cytokines 
production after 48 h stimulation of PBMCs in bee venom-allergic patients (patients 1-3). D, 
With bee venom and nApi m 1. E, With representative pIII-fused peptide mimotope. The 
middle lines represent median.  
 
In conclusion, this is the first time that the IgE epitopes of Api m 1 have been identified. They 
do not include glycosyl moiety which substantiates recent studies reporting no influence of 
carbohydrate moiety on allergenicity of Api m 1. Our work contributes to better 
understanding of mechanisms involved in the pathogenesis of sting anaphylaxis and can 
further improve diagnosis and prognosis of bee venom allergy. Corresponding mimotopes 
represent novel candidates for development of more precise and safer allergen 
immunotherapy. 
 

























Faculty of Pharmacy, University of Ljubljana, Ljubljana, Slovenia and 
b
the 
University Clinic of Respiratory and Allergic Diseases Golnik, Golnik, Slovenia. E-mail 
address: mojca.lunder@ffa.uni-lj.si. This work was financially supported by the Slovenian 
Research Agency through Research programme P4-0127. We acknowledge Jernej Luzar for 
technical assistance in performing biopanning of phage display libraries. Authors declare no 
conflict of interest.  
 
Disclosure of potential conflict of interest: The authors declare that the research was 
conducted in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 
 
Funding 





1. Dhami S, Zaman H, Varga EM, Sturm GJ, Muraro A, Akdis CA, et al. Allergen 
immunotherapy for insect venom allergy: a systematic review and meta-analysis. 
Allergy 2017;72:342-65. 
2. Ruëff F, Vos B, Oude Elberink J, Bender A, Chatelain R, Dugas-Breit S, et al. 
Predictors of clinical effectiveness of Hymenoptera venom immunotherapy. Clin Exp 
Allergy 2014; 44:736-46. 
3.  Niederberger V, Neubauer A, Gevaert P, Zidarn M, Worm M, Aberer W, et al. Safety 
and efficacy of immunotherapy with the recombinant B-cell epitope–based grass 
pollen vaccine BM32. J Allergy Clin Immunol 2018;142:497-509. 
4. Müller UR, Johansen N, Petersen AB, Fromberg-Nielsen J, Haeberli G. Hymenoptera 
venom allergy: analysis of double positivity to honey bee and Vespula venom by 
estimation of IgE antibodies to species-specific major allergens Api m1 and Ves v5. 
Allergy 2009;64:543-8. 
5. Padavattan S, Schirmer T, Schmidt M, Akdis C, Valenta R, Mittermann I, et al. 
Identification of a B-cell epitope of hyaluronidase, a major bee venom allergen, from 
its crystal structure in complex with a specific Fab. J Mol Biol 2007;368:742-52. 
6. dos Santos-Pinto JR, dos Santos LD, Arcuri HA, da Silva Menegasso AR, Pego PN, 
Santos KS, et al. B-cell linear epitopes mapping of antigen-5 allergen from Polybia 
paulista wasp venom. J Allergy Clin Immunol 2015;135:264-7. 
Abida Zahirović - Doktorska disertacija                                                                     Drugo poglavje 
99 
 
7. Sturm GJ, Schuster C, Kranzelbinder B, Wiednig M, Groselj-Strele A, Aberer W. 
Asymptomatic sensitization to hymenoptera venom is related to total immunoglobulin 
E levels. Int Arch Allergy Immunol 2009;148:261-4. 
8. Henry KA, Arbabi-Ghahroudi M, Scott JK. Beyond phage display: non-traditional 
applications of the filamentous bacteriophage as a vaccine carrier, therapeutic 
biologic, and bioconjugation scaffold. Front Microbiol 2015;6:755. 
9. Jutel M, Pichler WJ, Skrbic D, Urwyler A, Dahinden C, Muller UR. Bee venom 
immunotherapy results in decrease of IL-4 and IL-5 and increase of IFN-gamma 
































Faculty of Pharmacy, University of Ljubljana, Ljubljana, Slovenia 
b
University Clinic of Respiratory and Allergic Diseases Golnik, Golnik, Slovenia 
 
*Corresponding author: Address: Askerceva 7, 1000 Ljubljana; E-mail address: 





Biopanning of phage display libraries 
Affinity-purified rabbit anti-Api m 1 IgG (MyBioSource, Cat# MBS573431, RRID: 
AB_2716318) were used as target. Their binding to Api m 1 (Bee venom phospholipase A2, 
Latoxan, Valence, France) was checked by direct enzyme-linked immunosorbent assay 
(ELISA) using horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Thermo Fisher 
Scientific Cat# G-21234 RRID: AB_2536530) for detection. Since the IgG isotype of target 
antibodies was used in biopanning, the conserved epitope specificity between human IgE and 
the target antibodies was subsequently tested in order to determine whether the identified 
peptides are also epitopes of patients´ IgE. For biopanning, 3.6 µg of anti-Api m 1 antibodies 
were immobilized alternatingly onto 0.45 mg of protein G or protein A coupled magnetic 
beads (Dynabeads, Thermo Fisher Scientific) by incubation in 0.05% PBST for 30 min at 
room temperature. Linear heptamer, linear dodecamer and cyclic heptamer random peptide 
phage display libraries (New England Biolabs, Ipswich, Massachusetts, USA) were screened 
according to manufacturer´s instruction. Bound phages were eluted from the target antibodies 
either with 0.1 M glycine-HCl (pH 2.2) for 10 min followed by immediate neutralization with 
1 M Tris (pH 8.0) or competitively with Api m 1 at the final concentration of 12 μg/ml. 
Phages were propagated in Escherichia coli host strain K12 ER2738 (New England Biolabs). 
Three binding/amplification cycles were performed. After the third round, 24 single phage 
plaques for each elution method (total 144 clones) were randomly picked amplified and tested 
for reactivity with target antibodies in preliminary phage ELISA.  
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Preliminary phage ELISA 
MaxiSorp microtiter plates (Thermo Fisher Scientific, Waltham, Massachusetts, USA) were 
coated with 2 µg/ml of anti-Api m 1 IgG (RRID: AB_2716318) in PBS overnight at 4°C. 
Plates were blocked with 5% bovine serum albumin (BSA) in PBS for 1.5 h at room 
temperature and washed three times with 0.1% PBST. A separate set of wells was covered 
with blocking buffer only, to determine background binding. The amplified phage clones or 
control (wild-type phage clone with no peptide displayed on its surface) in LB were then 
loaded into the wells. After 60 min of incubation, the wells were washed five times with 0.1% 
PBST. The detection was performed as described in Luzar et al.
E1
 using HRP-conjugated anti-
M13 monoclonal antibodies (mAb) (GE Healthcare Cat# 27942101 RRID: AB_2616587). A 
total of 59 clones with highest target to background absorbance ratio were subjected to DNA 
sequencing (GATC Biotech, Konstanz, Germany) to determine if the selected peptides were 
converging on a particular consensus sequence. 
 
Characterization of phage-displayed peptides binding to target antibodies  
Forty-six peptide-displaying phage clones were purified by PEG-precipitation, resuspended in 
PBS and quantified by spectrophotometry. All ELISA experiments for characterization of the 
phage-displayed peptides were performed as described for preliminary phage ELISA. The 
suspensions containing 2×10
9
 pfu of individual phage clones or control phage in PBS were 
loaded into the wells. For testing a potential non-specific binding to antibody constant region, 
wells were coated with rabbit antiserum (anti-Fel d 1, Indoor Biotechnologies, Cat# PA-FD1, 
RRID: AB_2716556) diluted 1:1000 in PBS overnight at 4°C. In competition ELISA the 
allergen in three different concentrations (1 μg/ml, 5 μg/ml, 10 μg/ml) was added to the phage 
clones and incubated with target antibodies for 1 h at room temperature. 
 
Computational mapping of peptides to the surface of Api m 1 
Amino acid sequences were examined using the MimoDB 2.0 database to exclude target-





 was used to map peptides onto the three-dimensional structure of Api m 1 (PDB 
ID 1POC). The surface locations of the amino acids that represent epitopes were presented 
with molecular graphics visualization tool ViewerLite.  
 
Isolation and enrichment of pIII-fused peptides from E. coli periplasm  
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PIII-fused peptides were extracted from the periplasm of E. coli ER2738. Two unrelated pIII-
fused peptides (linear GTFDHPQ
E4
 and cyclic CRMQMPSDC
E5
; targeting streptavidin and 
anti-human leptin antibodies, respectively) were used as controls. Host bacteria were infected 
with individual peptide-displaying phage clone and grown for 2 h at 37°C with agitation. 
Bacterial pellets were spun down at 5000 ×g for 10 min and resuspended in 1 ml of an ice-
cold solution consisting of 20% sucrose, 200 mM Tris-HCl (pH 8.0) and 1 mM EDTA 
supplemented with protease inhibitor cocktail (EZBlock™, BioVision, San Francisco, USA) 
at a dilution of 1:200. After 1 h incubation on ice with occasional stirring supernatants were 
harvested by centrifugation at 12000 ×g for 20 min at 4°C. The resulting periplasmic extracts 
were concentrated (4-5 fold) and the extraction buffer was exchanged for PBS by 
ultrafiltration with 10 kDa cut-off membrane (Microsep Advance Centrifugal Device, Pall 
Corporation, New York, USA). Enrichment of pIII-fused peptides from periplasmic extracts 
was performed with corresponding peptide targets immobilized onto beads.  We used anti-Api 
m 1 IgG (RRID: AB_2716318) and anti-human leptin antibody (R&D Systems (Cat# 
MAB398 RRID:AB_2136056) immobilized to Dynabeads M-280 tosylactivated™ (Thermo 
Fisher Scientific) according to manufacturer’s protocol and streptavidin-coupled  
Dynabeads™ MyOne™ Streptavidin T1  (Thermofisher Scientific). Coated beads were 
incubated with periplasmic extracts for 1 h at room temperature and then washed three times 
with 0.01 M Na-phosphate (pH 7.4). Finally, captured pIII-fused peptides were eluted in 25 µl 
glycine-HCl (pH 2.5) following immediate neutralization with 1 M Tris (pH 8.0). The 
concentration of proteins was determined with Bradford assay. 
 
Immunodot assay: Binding of pIII-fused peptides to patients´ IgE 
Two microliters of each sample containing 200 µg/ml (4.7 µM) of pIII-fused peptides were 
spotted onto 0.45 µm nitrocellulose membrane (GE Healthcare). Native Api m 1 (nApi m 1) 
was used as positive control. The membrane was blocked with 5% skimmed milk in Tris-
buffered saline/0.05% Tween 20 (TBST) for 3 h at room temperature and then incubated 
overnight at 4°C with patient serum diluted 1:10 in 0.05% TBST. Following triple washing 
with 0.1% TBST, membranes were incubated with HRP-conjugated goat anti-human IgE 
antibodies (Thermo Fisher Scientific Cat# A18793 RRID: AB_2535570) diluted 1:2000 in 
1% BSA/0.1% TBST for 2 h at room temperature. The reactive dots were visualized with 
CCD image analysis system (G-Box, Syngene, United Kingdom) after 5 min incubation in 
SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific). 
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Chemical synthesis of peptides 
Peptides were synthesized by Innovagen (Lund, Sweden). In order to obtain stable cyclic 
peptides, cyclization was performed via amide bond by introducing additional glutamic acid 
and linking its side chain to the N-terminal end of the peptide. Negatively charged C-terminal 
carboxylate was amidated in all peptides. Peptides were purified by high-pressure liquid 
chromatography (HPLC) to greater than 90%. To demonstrate that the synthetic mimotopes 
adopt the same conformation in solution as phage-displayed mimotopes competition ELISA 
was performed by incubating synthetic peptides with respective phage clones (1×10
10 
pfu) and 
analysing binding to the target antibody as described in preliminary phage ELISA.  
 
Basophil activation test  
Whole-blood samples (patients 1-3, Table E1) were incubated with synthetic peptides (from 
100 to 0.1 µg/ml), pIII-fused peptide CVDKSKPHC (from 10 to 0.01 µg/ml), natural Api m 1 
(nApi m 1; Latoxan, Valence, France; from 10 to 1.0×10
-5
 µg/ml) and bee venom (Hal 
Allergie, Haarlem, Netherlands; from 1 to 0.001 µg/ml) for 15 min at 37°C. For control 
purposes, cells were exposed to 0.55 μg/ml of anti-FcεRI mAb (Bühlmann Laboratories AG), 
50 μg/ml of fMLP (Sigma-Aldrich) or stimulation buffer alone. Degranulation was stopped by 
transferring tubes on ice, after which FITC-conjugated anti-CD63 mAb, PE-conjugated anti-
CD123 mAb, and PerCP-conjugated anti-HLA-DR mAb (BD Biosciences, San Jose, 
California, USA) were added and incubated for 20 min at 4°C. Finally, whole blood probes 
were lysed, washed, fixed, and analysed within 2 h on a FACSCanto II flow cytometer (BD 




Cytokine measurements  
Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Paque density 
gradient, washed twice with PBS and resuspended in RPMI-1640 medium supplemented with 
10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% Penicillin/Streptomycin (all 
Sigma-Aldrich). Isolated PBMCs were seeded in final concentration of 2×10
5
 cells per well 
and incubated for 48 h at 37°C and 5% CO2 with 1 to 0.1 µg/ml of bee venom and 10 to 0.1 
µg/ml of nApi m 1, synthetic peptides and pIII-fused peptide CVDKSKPHC each. Four 
cytokines, IL-2, IL-5, IL-13 and IFN-γ, were quantified in the supernatants with the 
Cytometric Bead Array (CBA; BD Biosciences) according to the manufacturer`s protocol and 
analysed on FACSCalibur flow cytometer (BD Biosciences). The results were normalized for 
heterogeneous background proliferation. 
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FIG E1. Characterization of peptides obtained by biopanning of phage display libraries with 
anti-Api m 1 IgG. A, Binding of peptides displayed on phage to the immobilized target 
antibodies (white bars), control antiserum (gray bars) and background (black bars). B, 
Displacement of peptides displayed on phage from target antibodies with 1 μg/ml, 5 μg/ml 
and 10 μg/ml of nApi m 1 (light gray, dark gray and striped bars, respectively). The peptides 
marked in italics showed low signals and were not tested in competitive ELISA. Wild-type 
phage without displayed peptide served as negative control. C, Competition of peptides 
displayed on phage with the corresponding synthetic analogs for binding to target antibodies 
demonstrates that the synthetic mimotopes adopt the same conformation in solution as 
displayed on phage. White bars represent binding of the peptides displayed on phage to target 
antibodies with no synthetic peptide added. Stripted, light grey, dark grey and black bars 
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represent the binding signal after preincubation of the same peptides displayed on phage with 
increasing concentration of corresponding synthetic analogs. The data are presented as the 
mean ± standard deviation of three individual experiments. 
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FIG E2. A, Basophil response determined by the percentage of CD63-expressing cells in bee 
venom-allergic patients (patients 1-3) after addition of synthetic peptide mimotopes. B, 
Cytokines production after 48 h stimulation of PBMCs in bee venom-allergic patients 









sIgE* bee venom 
(kU/L) 
sIgE* Api m 1 
(kU/L) 
Patient 1 f 73 59.3 11.9 
Patient 2 f 33 30.5 16.1 
Patient 3 f 35 2.0 0.471 
Patient 4 m 28 0.97 1.3 
Patient 5 m 47 0.55 0.67 
Patient 6 f 72 2.10 1.16 
Patient 7 m 55 6.94 0.55 
Patient 8 f 49 2.47 2.38 
Patient 9 m 48 9.71 13.9 
Patient 10 f 48 33.5 19.6 
Patient 11 m 31 4.68 1.5 
Patient 12 m 35 2.91 0.66 
sIgE*— specific immunoglobulin E were measured by using CLIA Immulite (Siemens, 
Erlangen, Germany). Serum samples were collected at the University Clinic of Respiratory 
and Allergic Diseases, Golnik, Slovenia. The patients were included in the study prior to the 
introduction of bee venom immunotherapy. All twelve patients had positive sIgE to Api m 1 
and were used to test IgE reactivity of peptides. Patients 1, 2, and 3 with Mueller grade III 
(patient 3) or grade IV (patient 1 and 2) anaphylactic reactions to bee sting were selected for 
evaluation of the allergenic activity and T cell response modulating potential of peptide 
mimotopes. The study was approved by National Medical Ethics Committee of Republic of 
Slovenia (No. 35/06/14). All patients willingly donated their blood for research. 
 
 

















Alaninsko rešetanje mimotopov alergena Api m 1 in vrednotenje njihovega potenciala 
pri preprečevanju aktivacije bazofilcev, ki jo sproži alergen 
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Ozadje: Mimotopi glavnega alergena ĉebeljega strupa, Api 1, pridobljeni z afinitetno 
selekcijo iz bakteriofagnih peptidnih knjiţnic so bili dodatno ovrednoteni. 
Cilj: Doloĉiti kljuĉne aminokisline, potrebne za interakcijo mimotopov Api m 1 z IgG, in 
preizkusiti njihovo sposobnost pri prepreĉevanju aktivacije bazofilov, ki jo povzroĉi Api m 1. 
Metode: Prispevek aminokislinskih ostankov v mimotopih Api m 1 pri vezavi na IgG, 
usmerjenih proti Api m 1, smo ocenili z alaninskim rešetanjem. Naĉrtovali smo alaninske 
razliĉice dveh predstavnikov mimotopov in sicer peptidov GRMGPSELGPVIG in 
GCWDSLGRAC in ovrednotili njihovo vezavo glede na zaĉetne peptide v 
semikvantitativnem testu fagna ELISA. Vpliv mimotopov na degranulacijo bazofilcev, ki jih 
povzroĉi Api m 1, smo ocenili v testu aktivacije bazofilcev (BAT). 
Rezultati: Glutaminska kislina in lizin sta se izkazali kot kljuĉni za vezavo linearnega 
mimotopa GRMGPSELGPVIG na IgG, medtem ko je zamenjava katerekoli aminokisline v 
cikliĉnem mimotopu GCWDSLGRAC z alaninom je privedla do izniĉenja vezave. V testu 
aktivacije bazofilcev, mimotopi v koncentraciji do 100 µg/mL niso vplivali na izraţanje 
CD63 pri testiranih pacientih. Rezultati inhibicijskega testa ELISA kaţejo, da IgG lahko 
pripomorejo k okrepitvi interakcije med IgE in Api m 1 najverjetneje tako, da izpostavi 
njegove epitope za vezavo na IgE.  
Zaključek: Izbrani mimotopi niso uspeli prepreĉiti aktivacije bazofilcev, ki jo je povzroĉil 
Api m 1. IgG iz seruma alergiĉnih bolnikov lahko posredno vpliva na inhibicijo degranulacije 




Podpisana Abida Zahirović izjavljam, da ĉlanka Alanine scanning of Api m 1 mimotopes and 
evaluation of their capacity to prevent Api m 1-induced basophil activation nihĉe od 
soavtorjev ni uporabil kot kriterij za zagovor doktorata. 
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Background: Mimotopes of major bee venom allergen, Api m 1 previously obtained through 
affinity selection from bacteriophage peptide libraries were additionally characterized.  
Aim: To determine the critical amino acids necessary for the interaction of Api m 1 
mimotopes with IgG and test their ability to prevent Api m 1-induced activation of basophils.  
Methods: The functional contributions of amino acid residues in Api m 1 mimotopes for 
binding to anti-Api m 1 IgG was evaluated by alanine scanning. Alanine variants of two 
mimotope representatives GRMGPSELGPVIG and GCWDSLGRAC were constructed and 
their binding relative to the starting peptides was evaluated by semiquantitative phage ELISA. 
Influence of mimotopes on Api m 1-induced degranulation of basophils was assessed in 
basophil activation test (BAT).  
Results: Substitution of glutamic acid and lysine residues with alanine abrogated the binding 
of linear mimotope GRMGPSELGPVIG to IgG, while the minimal hexapeptide motif 
GPSELG retained half of the binding affinity demonstrating the contribution of motif-
surrounding residues to antibody binding. Furthermore, the replacement of any amino acids in 
cyclic cyclic mimotope GCWDSLGRAC for alanine led to almost complete loss of binding, 
thus suggesting that the conformation plays a critical role in binding. In basophil activation 
test, mimotopes showed no effect on Api m 1-induced CD63 expression in concentrations up 
to 100 µg/mL in all tested patients. The results of the ELISA inhibition test suggest that IgG 
may help to enhance the interaction between IgE and Api m 1 most likely by exposing its 
epitopes for IgE binding.  
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Conclusion: Selected mimotopes were not able to prevent Api m 1-induced basophil 
activation. IgG from the serum of allergic patients may indirectly affect the inhibition of 








Mimotopes are small peptides that structurally mimic B-cell epitopes of allergens 
1
. Their 
amino acid sequence usually differs from the original antigen sequence, as they mimic not 
only linear but also conformational epitopes 
2
. Mimotopes are useful tools for obtaining 
information about the structure of B-cell epitopes, their location, and function in antibody-
allergen interface 
3,4
. They can be used for active immunization in allergy immunotherapy 
when coupled to a carrier that provides T cell epitopes necessary for the production of 
protective antibodies 
5,6
. T cell epitopes are commonly provided by other protein from the 
nonallergenic source thus reducing the risk of allergic side effects 
5,7,8,9
. To date, a 





. They are typically obtained through screening phage-displayed 
peptide libraries with an antibody recognizing allergen of interest 17.  
The critical step in generating allergen mimotopes by phage display is the choice of an 
antibody that will be used as a target in biopanning. Biopanning is preferably performed with 
allergen-specific IgE. However, when the patient serum is not available, IgG from immunized 
animal with specificity toward the same allergen may be used as an alternative 
13
. IgG from 
immunized animal sera have a higher concentration as well as more homogeneous 
composition compared to IgE from patients´sera. Beside the choice of target, careful guidance 
of the selection process (control of biopanning stringency) is vital to avoid the recovery of 
nonspecific binders 
18
. After mimotopes are selected, a thorough characterization of their 
specificity is necessary. Further improvements in the design of mimotopes increase the chance 
of obtaining an effective vaccine.  
We have previously identified mimotopes of Api m 1, the major allergen in bee venom, by 
screening phage-displayed peptide libraries against IgG directed towards Api m 1
 19
. They 
form a collection of 46 unique peptide sequences containing two common sequence motifs. 
Current therapy for bee venom allergy includes the application of native allergen extract, 
which causes frequent side effects as a consequence of their inherent allergenicity 
20
.  
Mimotopes offer safer alternative to whole allergens in immunotherapy. Four selected 
representatives of identified mimotopes had no effect on basophil activation in tested patients 
whose basophils showed upregulated CD63 expression in response to bee venom and Api m 
1. The relevance of the selected mimotopes in allergic patients was established by 
demonstrating a specific binding to IgE from patients´ sera. In this study, we determined 
critical amino acids responsible for the interaction of Api m 1 mimotopes with IgG. As a 
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potential new strategy for therapy of allergy, we tested whether a therapeutic cocktail of IgE-
specific peptides (i.e. mimotopes) can be applied to block effectors cells before allergen 
exposure and thus prevent the development of allergic symptoms. In this regard, we assessed 
the capacity of synthetic Api m 1 mimotopes to prevent allergen-induced basophil 
degranulation in basophil activation test (BAT). 
 
2. MATERIALS AND METHODS 
2.1 Cloning of oligonucleotides encoding the peptides into the phage vector 
The contribution of each single amino acid residue to binding of mimotopes to anti-Api m 1 
IgG was evaluated by designing a series of structural variants in which individual amino acids 
contained in minimal peptide motif were replaced for alanine. The minimal sequence 
requirements of the parent peptide for target antibody binding was determined using a 
truncated variant containing only GPSELG motif. The peptides were displayed on 
bacteriophage surface by fusion to the minor capsid protein p3 and cloned into a modified 
M13KE phage vector (termed M13KBE) with an additional BspEI restriction site between the 
EagI and KpnI (Figure 1). M13KBE was constructed in a study by Kruljec et al 21. 
 BspEI               EagI 
…TCTCACT-CCGGANNNGGCGGTGGCTC-GGCCGAAACT… 
… S  H   S  G  X  G  G  G  S   A  E  T … 
 
 
Figure 1. Scheme of M13KBE phage vector. Designed oligonucleotides are inserted between BspEI 
and EagI restriction sites. 
 
The cloning was carried out as described 
21
. Synthetic complementary oligonucleotides 
encoding the displayed peptides (Table 2) were mixed in an equimolar ratio, annealed 
together by heating to 95 °C, then slowly cooled down to room temperature and ligated into 
BspEI/EagI digested M13KBE vector. Recombinant plasmids were introduced by heat shock 
into chemically competent E. coli ER2738 cells.  
Table 2. Sequences of the oligonucleotides used for direct subcloning into the M13KBE phage vector 
and the encoded amino acid sequences of the displayed peptides. Segments forming overhangs 
complementary to restriction sites BspEI and EagI upon annealing are underlined.  
Oligonucleotide name/sequence (5´-3´) Encoded amino 
 5’-…CCGGAinsertGGCGGTGGCTC…-3’ 
    3’-…TtresniCCGCCACCGAGCCGG…-5’ 
Abida Zahirović - Doktorska disertacija                                                                            Tretje poglavje 
114 
 





































































2.2 Semiquantitative phage ELISA 
To analyze the effect each alanine substitution had on mimotope´s binding to IgG the variants 
were subjected to phage ELISA. Before ELISA each peptide-displaying phage clones were 
purified by PEG-precipitation, resuspended in PBS and quantified by spectrophotometry. Api 
m 1 rabbit antiserum was coated to microtiter plate wells. Wells were blocked with 5% milk 
in PBS with 0.05% Tween 20 (PBST) and washed with PBS with 0.1% Tween 20 (PBST). 
Wells covered with 5% milk only were used as a background control (blind signals). The 
suspensions containing 2 × 10
9
 pfu of individual phage clones or control phage in PBS were 
loaded into the wells and incubated with target antibodies for 1 h at room temperature. Bound 
phage clones were detected with anti-M13 monoclonal antibodies conjugated with HRP (GE 
Abida Zahirović - Doktorska disertacija                                                                            Tretje poglavje 
115 
 
Healthcare, Chicago, Illinois, USA) diluted to 1:5,000 were added. The experiment was 
performed in triplicates. 
2.3 Serum and peptide samples 
Four selected synthetic mimotopes (linear dodekapeptide SPPNALGRFLPD, linear 
heptapeptide LMGPSEL and cyclic heptapeptide CWTDLGRKC and CVDKSKPHC) were 
analyzed. Peptides were synthesized by Innovagen (Lund, Sweden) as described 
19
. Serum 
samples from 3 honeybee venom-allergic patients with positive sIgE to Api m 1 were 
collected at the University Clinic of Respiratory and Allergic Diseases, Golnik, Slovenia. 
Patients’ characteristics are shown in Table 1. The study was approved by National Medical 
Ethics Committee of Republic of Slovenia (No. 35/06/14). All patients willingly donated their 
blood for research. 
 












sIgE* Api m 
1 
(kU/L) 
Patient 1 f 73 4 59.3 11.9 
Patient 2 f 33 4 30.5 16.1 
Patient 3 f 35 3 2.0 0.471 
sIgE*— specific immunoglobulin E were measured by using CLIA Immulite (Siemens, Erlangen, 
Germany).  
 
2.4 Basophil activation test: Inhibition of basophil activation by synthetic mimotopes 
Basophil activation test was performed as described 
22
. Briefly, whole-blood samples (patients 
1-3, Table 2) were incubated with natural Api m 1 (nApi m 1; Latoxan, Valence, France) at a 
final concentration from 10 to 1.0×10
-5
 µg/ml or a mixture of Api m 1 and four synthetic 
peptides (10 and 100 µg/ml), for 15 min at 37°C. For control purposes, cells were exposed to 
0.55 μg/ml of anti-FcεRI mAb (Bühlmann Laboratories AG), 50 μg/ml of fMLP (Sigma-
Aldrich) or stimulation buffer alone. Degranulation was stopped by cooling on ice, after 
which FITC-conjugated anti-CD63 mAb, PE-conjugated anti-CD123 mAb, and PerCP-
conjugated anti-HLA-DR mAb (BD Biosciences, San Jose, California, USA) were added and 
incubated for 20 min at 4°C. Finally, whole blood probes were lysed, washed, fixed, and 
analyzed within 2 h on a FACSCanto II flow cytometer (BD Biosciences) as previously 
described 
22
. Basophils were identified as low side scatter, CD123-positive, and HLA-DR-
Abida Zahirović - Doktorska disertacija                                                                            Tretje poglavje 
116 
 
negative cells and the quantitative percentage determination of degranulated basophils was 
measured as the percentage of CD63-positive basophils. The threshold value for 
diagnostically positive results of basophil activation testing was defined as 15% of CD63-




2.5 Inhibition ELISA: Competition of IgE and rabbit IgG for Api m 1 binding 
Maxisorp ELISA plates (Nunc, Roskilde, Denmark) were coated overnight at 4°C with 5 
µg/ml nApi m 1, washed twice with PBS with 0.05% Tween 20 (PBST), and then blocked in 
blocking buffer (PBST and 5% BSA) for 2 hours at room temperature. ELISA plates coated 
with nApi m 1 were preincubated with rabbit anti-Api m 1 IgG antisera (1:20, 1:100 or 
1:1000) overnight at 4°C. After washing, the plates were incubated with sera from bee 
venom-allergic patients (1:10) overnight at 4°C. Bound human IgE antibodies were detected 
with horseradish peroxidase–coupled goat anti-human IgE antibodies (1:2000; Thermofisher 
Scientific). The color was developed with TMB Super Tracker substrate (ImmunoO4, 
Westminster, UK) supplemented with 0.006% and the reaction terminated with 2 M H2SO4. 
OD measurements were performed with the microtiter plate reader (Tecan Safire, Tecan 
Group AG, Männedorf, Switzerland) at 450 nm. The percentage inhibition of IgE binding was 
calculated as follows: 100-(ODp/ODs)x100, where ODp and ODs represent extinction 
coefficients after preincubation with the rabbit serum or without the rabbit serum, 
respectively.  
 
3. RESULTS AND DISCUSSION 
3.1 Amino acids critical for binding of Api m 1 mimotopes to anti-Api m 1 IgG 
antibodies 
We subjected the peptide carrying GPSELG motif to alanine scanning in order to assess the 
contribution of individual amino acid residues to target antibody binding. Seven variants with 
alanine substitutions were designed (Fig 2) and displayed on M13KBE phage. Phage clones 
were subjected to phage ELISA and the affinities of individual peptide variants to anti-Api m 
1 antibodies were compared to that of the parent peptide GRMGPSELGPVIG. Substitutions 
of Gly1 (variant b) and Glu4 (variant e), as well as Lys5  (variant f) (numbering according to 
hexameric peptide GPSELG) strongly affected binding to target antibodies (78%, 89%, and 
83% reduction in binding, respectively), whereas substitutions of Pro2 (variant c) and Ser3 
(variant d) caused 39% and 48% reduction, respectively. To determine the contribution of a 
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motif in mimotopes for binding to antibodies we also prepared a variant containing only six 
amino acid residues from motif GPSELG (variant a) and tested its binding to target 
antibodies. Alanine scanning confirmed the motif sequence GPSELG and showed that motif 
GPSELG alone is responsible for about half of the binding intensity of parent mimotope 
GRMGPSELGPVIG.  Amino acids E and L from motif GPSELG appeared to be crucial for 
the binding of mimotopes to antibodies. This is in agreement with other studies which 
reported the hydrophobic residues such as Leu, Val, and Cys are likely to be a part of 
antigenic sites if they occur on the protein surface 
27
. Beside surface accessibility, flexibility 
of amino acid sequence regions are properties that define IgE epitopes 
28
. Substitution of 
amino acids in GCWDSLGRAC (within the motif suspected to be responsible for antibody 
binding) (marked in yellow, Fig 2) for alanine almost completely abolished the binding of the 
parent peptide. This result confirms that the conformation and not the amino acid composition 
of the GCWDSLGRAC mimotope is critical for its binding to IgG. 
 
Figure 2. Contribution of each amino acid residue for binding to IgG antibodies (used as a target in 
biopanning) in mimotope GRMGPSELGPVIG (A) and  GCWDSLGRAC (B). The variants with 
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alanine substitutions are depicted on the left. Phage clones subjected to phage ELISA at a titer of 2 × 
10
9
 virions/well and the affinities of individual peptide variants to anti-Api m 1 antibodies were 
compared to that of the parent peptides are shown on the right. Gray bars show binding of mutated 
peptide variants, wells coated with 5% milk in PBS served as blank (white bars). Average and 
standard deviations from three individual measurements are given. 
 
3.2 Api m 1-induced degranulation of basophils is not inhibited by mimotopes 
Next, four selected synthetic mimotopes of Api m 1 (linear dodekapeptide SPPNALGRFLPD, 
linear heptapeptide LMGPSEL and cyclic heptapeptide CWTDLGRKC and CVDKSKPHC) 
were assessed for their ability to inhibit allergen-stimulated mediator basophil activation. As 
we reported previously, Api m1 mimotopes themselves did not increase CD63 expression in 
basophils from bee venom-allergic patients 
20
. Here, we assessed the effect of synthetic 
mimotopes on Api m 1-induced basophil activation. Specifically, we wanted to examine 
whether these mimotopes, lacking the necessary structure (at least two IgE-binding sites) to 
cross-link IgE, could prevent the allergen-IgE interaction without sensitizing basophils via 
FcεRI. This could make a new therapeutic concept for allergic diseases. The allergenic 
activity of nApi m 1 was compared with the allergenic activity of nApi m 1 in the presence of 
three Api m 1 synthetic mimotopes. As depicted in Figure 2, basophils of all three patients 
(patient 1-3, Table 2) exhibited upregulated CD63 expression in response to nApi m 1, 
whereby added mimotopes showed no effect on Api m 1-induced CD63 expression in 
concentrations up to 100 µg/mL in all patients (Fig 2 A, B, and C). Even though peptides in 
the mixture were present at very high molar concentrations as much as 20-2000-fold higher 
than that of Api m 1, no inhibitory effect was observed. Responses to control stimuli were in 
the range from 75.7% to 89.5% for anti-FcεRI mAb and in the range from 20.7% to 51.4% for 
fMLP. Low values for negative control stimulation (up to 3.1%) were measured in all 
patients.  




Figure 2. Basophil response determined by the percentage of surface CD63-expressing cells from bee 
venom-allergic patients (A-C). Basophil response after stimulation with Api m 1 alone and Api m 1 
mixed with 10 µg/ml or 100 µg/ml of four synthetic Api m 1 mimotopes (linear dodekapeptide 
SPPNALGRFLPD, linear heptapeptide LMGPSEL and cyclic heptapeptide CWTDLGRKC 
and CVDKSKPHC).  
 
A potential reason for the lack of the mimotope inhibition of Api m 1-induced basophil 
degranulation might be the low binding affinity of peptide mimotopes for IgE. This might 
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cause displacement of mimotopes from IgE by Api m 1 and subsequent cell activation. There 
is a permanent bind and release exchange between Api m 1 and mimotopes on the target. 
Equilibrium depends on the concentrations of Api m 1 and mimotopes and their respective 
binding constants which are influenced by pH, temperature and ionic strength of the medium. 
Thus the probability of binding of mimotopes to the IgE paratopes may be low compared to 
Api m 1. In the competitive ELISA the majority of mimotope-displaying phage clones were 
easily displaced from anti-Api m 1 IgG antibodies with 1 or 5 μg/ml of Api m 1, or 10 μg/ml 
of Api m 1 for the few clones 
20
. These results suggest that the mimotopes possess a relatively 
weak binding affinity for target IgG antibodies compared to Api m 1. In future studies, the 
affinity of tested sythetic mimotopes for IgE from allergic patients´ sera should be assessed. 
The interaction of an antibody with a linear peptide is usually several orders of magnitude 
weaker than the interaction with the full protein 
29
. The first reason is that the epitope peptide 
represents only part of the protein. Antibody-antigen recognition is based on induced fit-
binding, which may explain why some antibodies can recognize both intact protein antigens 
and small, free peptide epitopes from such proteins, even though an epitope embedded in a 
globular protein is presented in a considerably different environment from that of a free 
peptide 
28
. However, the peptide is much more flexible than the complete protein. While such 
flexibility may allow the peptide to adapt its structure to an optimal fit, it decreases overall 
affinity because of the loss of entropy upon binding 
30
. It is therefore very difficult to find a 
small peptide that closely mimics the intact protein in its interaction with an antibody. The 
lack of inhibitory potential of peptides might also be due to physical instability of peptides 
31
. 
A lack of inhibitory capacity of IgE-reactive peptides was also reported in other studies. 
Albrecht at al. reported that IgE-reactive peptides could not inhibit the IgE binding to the 
parent allergen nor mediator release from RBL cells 
32
. Their findings suggest that not only 
conformational but also continuous epitopes may require a structural context for proper 
epitope presentation, corroborating the view that stability of a proteins’ 3-dimensional 
structure seems to play an important role in terms of immunogenicity and allergenicity 
32
. 
This study confirm that the structural context in which epitope structures are presented plays a 
role in IgE binding. It has been found that the physical instability of peptides affects their 
potential to induce antibodies against native protein 
33
. Since peptides can not adopt stable 
tertiary structure, fusion partners can assist in proper folding and prevent the degradation that 
frequently occurs with free protein. The inhibition should therefore be tested with these 
peptides displayed on phage as it was reported for phage-displayed mimotope of Bet v 1, 
which was able to inhibit binding of antibody to allergen 
9
. Furthermore, the peptides in a 
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solution are susceptible to degradation. Therefore, other factors present in patients blood can 
affect the physical stability of peptides. Situation in the patient serum and whole blood (used 
for BAT) is very complex whereby along with various kinds of steric interactions we have to 
take into account a competition of IgG with IgE for allergen binding. In order to gain some 
insights into a dynamic of this interaction, we assessed the influence of IgG antibodies on IgE 
binding to the allergen.  
 
3.3 Competition of allergic patients´ IgE and rabbit IgG for Api m 1 binding 
We investigated the effects of IgG on the binding of IgE from patient serum to Api m 1 in 
inhibition ELISA (Fig 3). IgG was obtained by immunization of a rabbit with Api m 1, so it is 
supposed that these antibodies have the same paratopes as IgE from allergic patients serum. 
For that reason, it is supposed for IgG to compete with IgE for Api m 1 binding, that is, to 
block the binding of IgE to the allergen if they bind to the same epitopes on Api m 1. Three 
different dilutions (1:20, 1:100, and 1:1000) of anti-Api m 1 rabbit anti-Api m 1 IgG were 
loaded into the wells to compete for Api m 1 binding with IgE from the serum of bee venom-
allergic patients. Concentrations of sIgE in tested sera are 11.9 kU/L in patient 1, 16. 1 kU/L 
in patient 2 and 0.471 kU/l in patient 3 (Table 1). We found that upon addition of anti-Api m 
1 IgG the binding of IgE to Api m 1 decreased in patient 1 by 32% when IgG antiserum was 
diluted 1:100 and by 19%  when IgG antiserum was diluted 1:20 (Fig 3). Surprinsingly, added 
anti-Api m 1 IgG increased IgE binding to Api m 1 in patients 2, 3, and sera pool. We 
observed an increase of 4% (at 1:100 dilution of IgG) and 31% (at 1:120 dilution of IgG) in 
patient 2, an increase of 293% (at 1:1000 dilution of IgG), 727% (at 1:100 dilution of IgG) in 
patient 3, and an increase of 178% (at 1:1000 dilution of IgG), 446% (at 1:100 dilution of 
IgG) and 620% (at 1:20 dilution of IgG) in patient pool (Fig 3). 




Figure 3. Competition of IgE and IgG for binding to Api m 1. Three different dilutions (1:20, 1:100, 
and 1:1000) of anti-Api m 1 rabbit IgG were loaded into the wells to compete with IgE from bee 
venom-allergic patients´ serum for Api m 1 binding.  Anti-Api m 1 IgG inhibited binding of IgE to 
Api m 1 in patient 1, whereas the binding of IgE to Api m 1 was increased upon the addition of rabbit 
anti-Api m 1 IgG in patient 2, 3 and in the pool of all three patient sera. The lower the concentration of 
sIgE to Api m 1 in individual patient serum, the greater the increase in its binding to Api m 1 upon the 
addition of IgG. 
It can be noticed that the influence of IgG on IgE binding to Api m 1 was greater when the 
patient serum contained a low concentration of sIgE against Api m 1. Furthermore, the 
increase of binding signal was greater upon the addition of a bigger concentration of IgG. 
This could be explained by the fact that IgG is exposing Api m 1 epitopes so that they are 
more readily available for IgE binding. 
4. CONCLUSION 
Alanine scanning confirmed the motif sequence GPSELG and showed that the GPSELG 
motif alone is responsible for around half of the binding affinity of parent mimotope 
GRMGPSELGPVIG. Amino acids E and L from motif GPSELG proved to be crucial for 
binding of mimotopes to antibodies. Selected mimotopes were not able to prevent Api m 1-
induced basophil activation. One of the potential reasons for the lack of inhibition is the 
influence of factors from allergic patient serum such as IgG. The latter proved to have great 
effect on allergen-IgE interaction and might have contributed to the inability to observe 
mimotope inhibitory effect.  
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Ambrozija je pomemben vzrok sezonskih alergij. Do sedaj imamo zelo malo informacij o IgE 
vezavnih mestih na glavnem alergenu iz cvetnega prahu ambrozije, Amb a 1. Afinitetna 
selekcija peptidov iz bioloških knjiţnic z uporabo specifiĉnih protiteles proti alergenu je 
uporabna laboratorijska metoda za doloĉanje epitopov. V tej raziskavi smo s pomoĉjo 
mimotopov, kratkih peptidov, ki posnemajo epitope, izoliranih iz bakteriofagnih knjiţnic 
nakljuĉnih peptidov, doloĉali IgE epitope Amb a 1. Izbrani peptidi so se le šibko ujemali s 
primarnim zaporedjem Amb a 1, kar je nakazovalo, da so epitopi konformacijski. Da bi jih 
doloĉili, smo izdelali homologni model tridimenzionalne strukture Amb a 1, na katerega smo 
prilegali izbrane peptide. S pomoĉjo programa EpiSearch smo identificirali štiri potencialne 
epitope na površini alergena okoli aminokislinskih ostankov K104, S110, H214 in W312. 
Peptidni mimetiki predvidenih epitopov so se specifiĉno vezali na IgE iz zmesi serumov za 
ambrozijo alergiĉnih pacientov in tako predstavljajo mimetike IgE epitopov Amb a 1. 
Poznavanje IgE epitopov je predpogoj za racionalno naĉrtovanje molekularnih pristopov v 
diagnostiki in imunoterapiji alergijskih bolezni. 
 












Podpisana Abida Zahirović izjavljam, da ĉlanka Epitope Mapping of Major Ragweed 
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Ragweed is a prominent cause of seasonal allergies. Thus far, information on IgE-binding 
sites of major allergen in ragweed pollen, Amb a 1, is very limited. A powerful experimental 
method to gain insights on the allergen epitopes is the selection of peptides from biological 
libraries that bind to anti-allergen antibodies. In this work, we aimed to map IgE epitopes of 
Amb a 1 using epitope-mimicking short peptides – mimotopes that were affinity-selected 
from phage-displayed random peptide libraries. The peptides weakly aligned with the Amb a 
1 primary sequence, thus suggesting that the epitopes are conformational. When the peptides 
were mapped onto the surface of Amb a 1 homology model, the EpiSearch analysis predicted 
the location of four potential epitopic sites on surface patches centred at residues K104, S110, 
H214, and W312. The peptides matching to the predicted epitopes bound selectively to the IgE 
from pool of ragweed-allergic patients’ sera and therefore represent mimetics of Amb a 1 IgE 
epitopes. The knowledge of IgE epitopes is a prerequisite for the rational design of molecular-
based approaches to diagnosis and immunotherapy of allergic diseases. 
 
Keywords: ragweed allergy; Amb a 1; epitope mapping; phage display; mimotopes  




Short ragweed (Ambrosia artemisiifolia) is one of the most important allergen sources in 
North America.
1
 Because of its fast spreading, sensitization rates are also increasing in 
Central and Southeastern Europe, ranging from 15% to ∼80%.2 Current therapeutic options 
for ragweed allergy involve symptomatic treatment and allergen-specific immunotherapy. 
Although conventional immunotherapy with crude pollen extracts is the only available 
curative treatment, it may induce undesired IgE-mediated side effects and long-term therapy 
is required, which often hampers patient compliance.
3,4
 Therefore, new approaches to 
immunotherapy that include well-defined therapeutic molecules with reduced or abolished 
IgE binding capacity are being investigated. 
Ragweed pollen allergy is especially suited for molecule-based immunotherapeutic strategies 
due to the dominance of one allergen. Molecule-based vaccines are based on individual 
allergen proteins, allergen-derived peptides containing relevant epitopes or epitope-mimicking 
peptides (mimotopes).
5
 Among 14 allergens described in ragweed pollen, Amb a 1 has been 
identified as the major disease-causing agent, which reacts with IgE of more than 90% of the 
ragweed-sensitized patients.
6,7
 It is a non-glycosylated 38 kDa protein that belongs to the 
family of pectate lyases and accounts for up to 15% of total proteins in the ragweed pollen.
8,9
 
It has been demonstrated that Amb a 1 in a form of a conjugate with toll-like receptor agonist 
can replace the whole pollen extract in immunotherapy.
10
 Five different isoforms of Amb a 1 
with about 80% sequence identity have been found.
11
 They display distinct patterns of IgE 
binding and immunogenicity with limited B- and T-cell cross-reactivity patterns.
12
 Amb a 1 is 
cross-reactive with its homologous allergen in mugwort pollen Art v 6, a pectate lyase with 
65% of sequence identity with Amb a 1.
13-15
 The identification of relevant epitopes can reveal 
the molecular basis of allergenic cross-reactivity. Therefore, detailed studies of T and B cell 
epitopes are necessary for the rational design of molecule-based reagents for diagnosis and 
immunotherapy.  
Investigation of T-cell response to Amb a 1 revealed multiple dominant T cell epitopes (Amb 
a 1 176-191, 200-215, 280-295, 304-319, 320-335, and 344-359).
16,17
 However, the data on 
the conformational B-cell epitopes is still scarce. Screening of random peptide phage libraries 
against anti-allergen antibodies is a fast and relatively inexpensive alternative compared to 
other methods for epitope mapping and in combination with computer-based algorithms can 
lead to the identification of conformational allergen epitopes.
18,19
 Successful application of 
this technology provides peptide mimotopes that are able to bind IgE antibodies and are not 
necessarily identical to original epitope, but rather mimic its essential features.
20,21 
Mimotopes 
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are considered to have similar physicochemical characteristics and spatial organization as 
their corresponding epitopes. As such, they may be employed for the development of safer 




In this study, we screened phage display libraries of random peptides using Amb a 1-specific 
IgG to define peptides mimicking Amb a 1 epitopes. Best mimotope candidates were tested 
for their IgE reactivity with sera of ragweed-allergic patients. Using computational epitope 
mapping tools affinity-selected peptide sequences were analyzed to predict the location of 
epitopes on Amb a 1. 
 
2. EXPERIMENTAL 
2.1. Purification and evaluation of target antibodies  
Anti-Amb a 1 IgG were affinity-purified from rabbit antiserum (Indoor Biotechnologies, Cat# 
PA-AM1, RRID:AB_2728628) using natural allergen Amb a 1 (INDOOR Biotechnologies) 
immobilized on Dynabeads M-280 Tosylactivated (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) following the manufacturer’s instructions. 
 
2.2. Biopanning of phage display libraries 
Affinity-purified rabbit IgG specific for Amb a 1 were immobilized alternatingly onto 0.45 
mg of protein G or protein A coupled magnetic beads (Dynabeads, Thermo Fisher Scientific) 
by incubation in PBS/0.05% Tween 20 for 30 min at room temperature and used as a target in 
biopanning. Three phage display libraries (New England Biolabs, Ipswich, Massachusetts, 
USA) of linear heptamer, linear dodecamer, and cyclic heptamer random peptides were 
panned as described in the manufacturer’s manual. The libraries contain approximately 10
9
 
unique peptide sequences fused to the pIII minor coat protein of the M13 filamentous phage. 
Bound phages were eluted from the target antibodies either with 0.1 M glycine-HCl (pH 2.2) 
for 10 min followed by immediate neutralization with 1 M Tris (pH 8.0) or competitively with 
Amb a 1 at the final concentration of 12 μg/ml. After three rounds of affinity selection, 24 
individual clones from each elution method (total 144 clones) were amplified and screened for 
binding to target antibodies by monoclonal phage ELISA.  
 
2.3. Monoclonal phage ELISA 
MaxiSorp microtiter plates (Thermo Fisher Scientific, Waltham, Massachusetts, USA) were 
coated with 2 µg/ml of anti-Amb a 1 IgG (RRID:AB_2728628) in PBS overnight at 4°C. 
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Plates were blocked with 5% skimmed milk in PBS for 1.5 h at room temperature and washed 
three times with PBS/0.1% Tween 20. A separate set of wells was covered with blocking 
buffer only, to determine background binding. The amplified phage clones or control (wild-
type phage clone with no peptide displayed on its surface) in LB were then loaded into the 
wells. After 60 min of incubation, the wells were washed five times with PBS/0.1% Tween 
20. For detection, HRP-conjugated anti-M13 monoclonal antibodies (GE Healthcare Cat# 
27942101 RRID: AB_2616587) diluted 1:5000 were added to the wells and incubated for 1 h. 
The colour was developed with TMB Super Tracker substrate (ImmunoO4, Westminster, UK) 
supplemented with 0.006% H202. After terminating the reaction with 2 M H2SO4, absorbance 
was measured at 450 nm with the microtiter plate reader (Tecan Safire, Tecan Group AG, 
Männedorf, Switzerland). Phage clones with the highest target to background absorbance ratio 
were subjected to DNA sequencing (GATC Biotech, Konstanz, Germany). 
 
2.4. Characterization of phage-displayed peptides binding to target antibodies  
Seventeen phage clones displaying unique peptides were purified by PEG-precipitation, 
resuspended in PBS and quantified by spectrophotometry. Binding of the phage-displayed 
peptides to the target antibodies was assessed by semiquantitative ELISA. The suspensions 
containing 2×10
9
 pfu of individual phage clones or control phage in PBS were loaded into the 
wells. To detect possible binders to antibody constant regions, the wells were coated with 
control rabbit antiserum raised against procathepsin X (Biogenes, Berlin, Germany) diluted 
1:1000 in PBS overnight at 4
◦
C. For competition ELISA selected clones were added to the 
wells together with the allergen in three different concentrations (1 μg/ml, 5 μg/ml, 10 μg/ml) 
and incubated with target antibodies for 1 h at room temperature. The following steps in the 
assays were as described above for monoclonal phage ELISA. All experiments were carried 
out in triplicates. 
 
2.5. Linear alignment of peptides with Amb a 1 sequence and mapping to the 3D 
homology model of Amb a 1 
Obtained amino acid sequences were checked for the presence of target-unrelated peptides 
using the MimoDB 2.0 database. Peptides were compared among themselves and aligned with 
Amb a 1 sequence using multiple sequence alignment program, Clustal Omega, to find a 
consensus pattern of amino acids.
24
 The 3D model structure of Amb a 1 was generated using a 




 The EpiSearch method was used to define the 
potential epitope sites on the surface of Amb a 1.
26
  




2.6. Isolation of pIII-fused peptides from E. coli periplasm  
Six peptides showing the highest specific binding to target antibodies were extracted from the 
periplasm of E. coli ER2738 as fusions with pIII phage coat protein. Host bacteria were 
infected with individual peptide-displaying phage clone and grown for 2 h at 37°C with 
agitation. Bacterial pellets were spun down at 5000 ×g for 10 min and resuspended in 1 ml of 
an ice-cold solution consisting of 20% sucrose, 200 mM Tris-HCl (pH 8.0) and 1 mM EDTA 
supplemented with protease inhibitor cocktail (EZBlock™, BioVision, San Francisco, USA) 
at a dilution of 1:200. Following 1 h incubation on ice with occasional stirring, supernatants 
were harvested by centrifugation at 12000 ×g for 20 min at 4°C. The resulting periplasmic 
extracts were concentrated (4-5 fold) and the extraction buffer was exchanged for PBS by 
ultrafiltration using 10 kDa cut-off membranes (Microsep Advance Centrifugal Device, Pall 
Corporation, New York, USA). Extracts of non-infected bacteria and bacteria infected with 
phage clone carrying unrelated pIII-fused control peptide (linear GTFDHPQ targeting 




2.7. Sera of ragweed-allergic patients 
Serum samples from ragweed-allergic patients with positive sIgE to Amb a 1 were collected 
at the University Clinic of Respiratory and Allergic Diseases, Golnik, Slovenia prior to 
starting immunotherapy. Patients’ characteristics are shown in Table 1. The study was 
approved by National Medical Ethics Committee of Republic of Slovenia (No. 35/06/14). All 
patients willingly donated their blood for research. 
 
Table 1. Characteristics of ragweed-allergic patients.  
 sIgE* Amb a 1 
(kU/L) 
Patient 1 0.77 
Patient 2 41.4 
Patient 3 1.51 
Patient 4 0.61 
Patient 5 0.62 
Patient 6 0.5 
Patient 7 1.6 
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Patient 8 1.71 
sIgE*— specific immunoglobulin E were measured by using CLIA Immulite (Siemens, 
Erlangen, Germany).  
 
2.8. Immunodot assay: Binding of pIII-fused peptides to patients´ IgE 
Two microliters of each sample of pIII-fused peptides were spotted onto 0.45 µm 
nitrocellulose membrane (GE Healthcare). The membrane was blocked with 5% skimmed 
milk in Tris-buffered saline/0.05% Tween 20 (0.05% TBST) for 3 h at room temperature and 
then incubated overnight at 4°C with a pool of sera from ragweed allergic-patients (patients 1 
to 8, Table 1) diluted 1:10 in 0.05% TBST. After triple washing with 0.1% TBST, membranes 
were incubated with HRP-conjugated goat anti-human IgE antibodies (Thermo Fisher 
Scientific Cat# A18793 RRID: AB_2535570) diluted 1:2000 in 1% BSA/0.1% TBST for 2 h 
at room temperature. The reactive dots were visualized with CCD image analysis system (G-
Box, Syngene, United Kingdom) using SuperSignal West Dura Extended Duration Substrate 
(Thermo Fisher Scientific). 
 
3. RESULTS AND DISCUSSION 
In this study, we sought to map epitopes of major ragweed allergen Amb a 1 by panning 
phage-displayed random peptide libraries. A thoughtful choice of biopanning conditions is 
crucial to overcome the limitations of commercially available peptide libraries and to improve 
the selection success rate.
28,29
 To avoid recovery of target-unrelated binders we used protein A 
or protein G coupled beads alternatingly for immobilization of target antibodies. Biopanning 
of three phage displayed-libraries was carried out with affinity-purified rabbit IgG specific for 
Amb a 1 using specific and non-specific elution. Given that the antibodies of IgG isotype 
were used as target, the reactivity of selected peptides with serum IgE was tested in order to 
evaluate whether a conserved epitope specificity between the IgG and IgE exist and thus to 
determine whether the identified peptides are also mimetics of IgE epitopes in ragweed-
allergic patients. Forty-two phage clones reactive with Amb a 1–specific target antibodies but 
not with the components of background buffer in preliminary phage ELISA were selected for 
sequencing. Peptides RVVELMDWTVLH, CLFSQGNRC, MRTDMVI, and CIMSLVGTC 
were the most strongly enriched (number of isolated identical sequences is shown in brackets 
alongside these peptides in Figs. 1 and 2). Overall, sequencing yielded 17 different peptides.  
Binding of individual peptides displayed on phage to target antibodies was ranked in 
semiquantitative ELISA assay (Fig 1, A). In contrast to control phage (with no peptide 
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displayed), six peptide-displaying phage clones demonstrated at least two-fold higher binding 
to the target antibodies compared to the background. Other 11 peptide-displaying phage 
clones showed lower binding to target antibodies. Potential non-specific interaction with 
antibody constant region was checked by ELISA with control antibodies that were produced 
in the same species as target antibody and thus contain identical Fc fragment. Binding to 
control rabbit antisera was low and comparable between peptide-displaying phage clones and 
control phage (Fig 1, B). Therefore, the interaction of peptides with antibody constant region 
was excluded. Six phage-displayed peptides that exhibited the best binding to target 
antibodies (RVVELMDWTVLH, GSAMTWGMLAAE, SYNIIATGIHPV, 
TMVATGLMPVLI, QDFDDIL, and CLFSQGNRC) were further examined for competitive 
binding to target antibody paratopes in the presence of allergen (Fig 1, C). After addition of 5 
or 10 µg/ml of Amb a 1, the signal for phage-displayed peptide GSAMTWGMLAAE 
substantially decreased. The signal drop, albeit less pronounced, was also observed for Cys 
constrained phage-displayed peptide CLFSQGNRC. Peptide displacement from the target 
antibody by allergen indicates that they competed with allergen for the same paratopes on 
target antibodies i.e. the peptides and allergen share the same binding sites. Interestingly, 
other tested peptides showed no change or even slight increase in signal after addition of 
allergen (Fig 1, C). This may imply that they have a higher affinity for target antibodies than 
the allergen. Enhanced binding of phages to target antibodies occur possibly due to the 
conformational stabilization of target antibodies upon allergen binding that makes the 
paratopes more accessible for phages. 
 
 




Figure 1: Characterization of the phage-displayed peptides affinity-selected with anti-Amb a 1 rabbit 
IgG. (A) Binding of phage-displayed peptides to the immobilized target antibodies and background 
(5% milk). Values in brackets represent the frequency of the selected peptides. (B) Binding of phage-
displayed peptides to the immobilized control rabbit antiserum (anti-procathepsin X). Wild-type phage 
with no displayed peptide served as negative control. The data are presented as the mean ± standard 
deviation of three individual experiments. (C) Displacement of six selected phage-displayed peptides 
from target antibodies with 1 μg/ml, 5 μg/ml and 10 μg/ml of natural Amb a 1.  
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Isoforms of Amb a 1 display distinct patterns of IgE binding. In previous study, Amb a 1.01 
showed higher IgE-binding activity compared to Amb a 1.02 or 1.03 isoforms.
12
 Therefore, 
we used Amb a 1.01 isoform for in silico linear alignment and conformational epitope 
mapping. The sequences of 17 different peptides were arranged into six groups according to 
their degree of similarity (Fig. 2). Despite common amino acid motifs within individual 
groups, not all peptides exhibited high binding to the target antibodies. For example, motif 
SQGNR appeared in 12 out of 14 peptides from the cyclic library but only one peptide 
sequence (CLFSQGNRC) bound significantly to the target antibodies (Fig. 1A). This 
indicated that other residues outside the motif were important for target antibody binding as 
well.  
 
Figure 2: Sequence alignment among isolated peptides obtained using multiple sequence alignment 
program Clustal Omega. Consensus residues within each group are marked in different colours. 
Bolded amino acids are exact match; not bolded amino acids have similar physicochemical properties. 
Underlined peptides from groups 1-4 showed the highest binding to target antibodies.  
 
Fig. 3 depicts linear alignment of the peptides with Amb a 1.01 sequence. The peptides were 
either aligned with shorter segments consisting of only a few matching residues within Amb a 
1 sequence or not aligned at all (Fig. 3). Matching amino acids were also not the same as 
those included in common motifs within individual groups. This suggests that the epitopes of 
Amb a 1 are conformational. Indeed, it has been previously shown that inhalational allergens 
contain mainly conformational epitopes consisting of amino acids that are distributed over the 
protein sequence and come into close contact upon protein folding. 
30-32
 




Figure 3: Alignment of isolated peptide sequences to the sequence of Amb a 1.01 isoform (the 
accession number in the gene bank of NCBI: P27759). Amino acids in individual peptides are 
coloured corresponding to groups 1-6 (Fig. 2). Bolded amino acids are exact match to residues in Amb 
a 1; not bolded amino acids have similar physicochemical properties as residues in Amb a 1.01.  
 
For in silico mapping of conformational epitopes on Amb a 1, we created the 3D structural 
model of Amb a 1 since its crystal structure is not yet available. Using a protein fold 
recognition server Phyre
2
, we generated a high confidence close homology model of Amb a 1 
with sequence coverage of 92%.
25
 The model is based on structural template d1pxza of Jun a 
1, the major allergen from cedar pollen, as the closest homolog with known structure that 
contains a single-stranded right-handed beta-helix fold. Jun a 1 is a member of the pectate 
lyase family of allergens and provides a reliable homology model since it has a sequence 
identity of 47% with a FFAS score −93.1 with Amb a 1.
33
 EpiSearch method was used to 
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reveal the location of epitopes on surface of Amb a 1 model.
26
 This approach uses patch 
analysis and solvent accessible surface area of amino acids to map peptides obtained from 
phage display experiments onto the 3D structure of a protein. The best match between the 
amino acid composition of the peptides and surface-exposed areas on the 3D model of 
allergen is predictive of epitope.  
We used six representative peptides from groups 1-4 that showed the highest binding to target 
antibodies (Fig. 1C, Fig. 2; underlined peptides) as input sequences for Episearch. The natural 
allergen Amb a 1 is composed of two non-covalently associated subchains, the N-terminal β 
chain (amino acids 26-180) and the C-terminal α chain (amino acids 181-396). Two 
representatives from group 1 were mapped to the loop on β chain at the N terminus containing 
residues V72, A73, N74, L102, K104, V107, G127, V148, N149, P150, G151, G152, L153, S156, A161, A162, 
P163, A165, G166, and S167 with center residue at K104 (score: 1.000) (Fig. 4A). Two 
representatives from group 2 were mapped to the beta strand on α chain at the C terminus 
containing residues R253, H254, A276, S277, T279, L281, L299, G300, R301, H302, G303, E304, A305, 
A306, E308, S309, M310, W312, R315, V328, A329, S330, and, G331 with center residue at W312 (score: 
0.950) (Fig. 4B). A representative from group 3 was mapped to the loop on β chain at the N 
terminus containing residues Q86, N87, R88, L90, N109, S110, N131, G132, N135, N157, G159, G176, 
S178, and Q179 with center residue at S110 (score: 1.000) (Fig. 4C). A representative from group 
4 was mapped to the beta strand on α chain at the C terminus containing residues D145, D170, 
D192, L210, Q213, H214, Q215, F216, D243, D246, Q247, and D265 with center residue at H214 (score: 
1.000) (Fig. 4D). β chain was suggested to contain IgE binding sites based on its higher IgE 
reactivity compared to α subchain in the previous study.
34
 In this study, Episearch analysis 
predicted two epitopes to be located on β chain at the N terminus (mapped by peptides from 
groups 1 and 3) and also predicted two epitopes on α chain at the C terminus (mapped by 
peptides from groups 2 and 4). Predicted epitopes are located on the solvent-exposed loops 
and beta strands of Amb a 1 model structure. These results agree with the known fact that 
conformational B-cell epitopes are usually associated with turns or loops and exposed regions 








Figure 4: Mapping epitopes on a 3D structure of Amb a 1 homology model. The Amb a 1 model was 
generated using a protein fold recognition server Phyre
2
. (A) Two representatives from group 1 were 
mapped to the loop on β chain at the N terminus containing residues V72, A73, N74, L102, K104, V107, 
G127, V148, N149, P150, G151, G152, L153, S156, A161, A162, P163, A165, G166, and S167 (violet). (B) Two 
representatives from group 2 were mapped to the beta strand on α chain at the C terminus containing 
residues R253, H254, A276, S277, T279, L281, L299, G300, R301, H302, G303, E304, A305, A306, E308, S309, M310, 
W312, R315, V328, A329, S330, and, G331 (green). (C) A representative from group 3 was mapped to the 
loop on β chain at the N terminus containing residues Q86, N87, R88, L90, N109, S110, N131, G132, N135, 
N157, G159, G176, S178, and Q179 (orange). (D) A representative from group 4 was mapped to the beta 
strand on α chain at the C terminus containing residues D145, D170, D192, L210, Q213, Q215, H214, F216, D243, 
D246, Q247, and D265 (blue). 
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Given that the biopanning was carried out with antibodies of IgG isotype as target, in order to 
determine the relevance of deduced epitopes in ragweed-allergic patients we tested the 
conserved epitope specificity between IgG and IgE by evaluating the reactivity of identified 
peptides with patient sera. Six representative peptides from groups 1-4 that showed the 
highest binding to target (Fig. 1C, Fig. 2; underlined peptides) were isolated as fusions with 
pIII phage coat protein from E. coli and tested for binding to IgE from sera pool of ragweed-
allergic patients (patients 1-8, Table 1). Extract from noninfected bacteria and an unrelated 
pIII-fused peptide (linear GTFDHPQ targeting streptavidin) were used as controls.
27
 Sera 
pool showed IgE binding to the six pIII-fused peptides (Fig. 5). Protein pIII used as a carrier 
of peptides ensured the correct conformation of the peptides during the assay and allowed 
efficient immobilisation on the membrane. Signals were not detected with the control samples 
(Fig. 5). Therefore, binding was attributed only to the IgE epitope-mimicking peptides 
(mimotopes). Thus, the mimotopes showed binding with target IgG as well as with patients´ 
IgE. This indicates that the identified epitopes are relevant for both antibody isotypes. 
However, since the mimotopes were selected with IgG antibodies, additional IgE epitopes on 
Amb a 1 cannot be excluded. 
 
Figure 5. Binding of pIII-fused representative peptides from groups 1-4 to IgE from sera pool of eight 
ragweed-allergic patients. (1) pIII-RVVELMDWTVLH, (2) pIII-GSAMTWGMLAAE, (3) pIII-
SYNIIATGIHPV, (4) pIII-TMVATGLMPVLI, (5) pIII-QDFDDIL, and (6) pIII-CLFSQGNRC. 
Controls: (C1) non-infected E. coli and (C2) unrelated pIII-fused peptide pIII-GTFDHPQ. 
 
4. CONCLUSIONS 
In biopanning experiments against the polyclonal Amb a 1-specific rabbit IgG, we enriched 
peptides and arranged them into six groups according to their degree of similarity. The 
peptides weakly matched with shorter segments of Amb a 1 sequence, thus suggesting that the 
epitopes of Amb a 1 are conformational. Conformational mapping of the six representative 
peptides to the surface of the structural model of Amb a 1 predicted the location of four 
epitopic sites on surface patches centred at residues K104, S110, H214, and W312. The 
representative peptides bound to IgE from ragweed-allergic patients and are therefore 
mimetics of Amb a 1 IgE epitopes. These results pave the way towards the identification of 
conformational epitopes of Amb a 1. The structure and location of each new epitope increase 
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our knowledge and, hence, the probability of identifying common features of cross-reactive 
allergen-antibody recognition sites, which would ultimately help to reveal the characteristics 
of the cross-reactive allergens and their underlying mechanism of action. In the context of 
immunotherapy, the identification of allergen epitopes and their mimotopes provides the basis 
for the rational design of immunotherapeutic constructs either based on recombinant allergen 
derivatives with reduced allergenic activity or mimotope-based carrier-bound vaccine for 
more defined and safer allergen-specific immunotherapy. 
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Fluorescenčno označevanje glavnih čebeljih alergenov Api m 1 in Api m 2 s kvantnimi 
pikami in razvoj multipleks testa aktivacije bazofilcev 
 
 
Fluorescent labelling of major honeybee allergens Api m 1 and Api m 2 with Quantum dots 
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Test aktivacije bazofilcev (ang. Basophil Activation Test, BAT) je in vitro celiĉni test za 
ugotavljanje preobĉutljivostne reakcije, ki jo pri pacientih sproţijo IgE protitelesa proti 
alergenu. Doloĉamo lahko reakcije na razliĉne alergene iz hrane, zdravil in strupov 
koţekrilcev. Aktivacijo bazofilcev spremljamo s pretoĉno citometrijo z uporabo 
fluorescenĉno oznaĉenih protiteles, pri ĉemer bazofilce detektiramo s kombinacijo 
oznaĉevalcev kot sta CD123 in HLA-DR na celicah. Degranulacijo bazofilcev spremljamo s 
kvantifikacijo izraţanja lizosomskega membranskega glikoproteina CD63 na površini celic. 
BAT predstavlja uporabno orodje za detekcijo kliniĉno pomembne senzibilizacije pri 
preobĉutljivostnih reakcijah tipa I (zgodnji tip preobĉutljivosti pogojen z IgE protitelesi), 
vkljuĉno z alergijo za strupe koţekrilcev. Pomembno omejitev, s katero se sreĉujemo pri 
uporabi testa BAT v diagnostiki alergijskih bolezni, predstavlja testiranje razliĉnih alergenov, 
ki se trenutno izvaja za vsak alergen posebej, kar bistveno zviša stroške in podaljša ĉas 
izvajanja testa ter poveĉa delovno intenzivnost metode.  
V tej raziskavi smo preverili moţnost uporabe s kvantnimi pikami oziroma 
nanokristali Qdot oznaĉenih alergenov v soĉasni (multipleks) BAT analizi. Oznaĉevanje 
alergenov s fluorescentnimi delci bi lahko predstavljalo nov pristop, ki bi omogoĉal analizo 
aktivacije bazofilcev z razliĉnimi alergeni v manjšem številu testnih epruvet. Zato smo 
poglavitna alergena ĉebeljega strupa fosfolipazo A2 (naravni Api m 1) in hialuronidazo 
(rekombinantni Api m 2) konjugirali s Qdoti, ki po ekscitaciji emitirajo fluorescenco razliĉnih 
valovnih dolţin. Valovna dolţina oddane fluorescence je odvisna od velikosti Qdot 
nanokristala. Uporabili smo dve vrsti nanokristalov Qdot, in sicer nanokristale karboksil-
Qdot, pri katerih vezava na protein poteka preko karboksilne skupine in nanokristale amino-
Qdot, pri katerih vezava poteka preko amino skupine. Dodatno imajo nanokristali amino-Qdot 
površino prevleĉeno s plastjo molekul polimera polietilen glikola (PEG), ki oddaljijo alergen 
od nanokristala, medtem ko nanokristali karboksil-Qdot tega nimajo in se nanj tarĉni protein 
veţe direktno. 
IgE reaktivnost  alergenov, oznaĉenih s kvantnimi pikami, smo ocenili s testom 
toĉkovnega nanosa (ang. dot blot), pri ĉemer smo kot primarno protitelo uporabili serume 
bolnikov, preobĉutljivih za strup ĉebele, ki imajo prisotna protitelesa IgE proti Api m 1 in Api 
m 2. IgE reaktivnost oznaĉenih alergenov je bila ohranjena tako v primeru konjugacije 
alergena na nanokristale Qdot preko karboksilne kot tudi preko aminske skupine. Nanokristali 
Qdot sami po sebi niso vezali serumskih IgE, kar potrjuje, da je vezava na IgE specifiĉna za 
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alergen. V testu aktivacije bazofilcev (BAT) smo preverili, ali alergeni oznaĉeni s kvantnimi 
pikami ohranijo alergogeno aktivnost oz. ali lahko prekriţajo površinske IgE in sproţijo 
degranulacijo bazofilcev pri bolnikih s preobĉutljivostno reakcijo za strup ĉebele. Bazofilce 
smo oznaĉili s protitelesi CD123-PE/HLA-DR-APC/CD63-FITC in spremljali aktivacijo s 
pretoĉnim citometrom. Ugotovili smo, da je sposobnost degranulacije ohranjena samo v 
primeru, ko sta bila alergena vezan na nanokristale Qdot preko aminske skupine, ne pa tudi 
preko karboksilne skupine. K ohranjanju biološke aktivnosti alergenov, oznaĉenih z 
nanokristali amino-Qdot, je najbrţ prispevala funkcionalizacija nanokristalov z verigami PEG 
polimera, ki pri konjugaciji oddaljijo molekulo alergena od površine nanokristala in tako 
zmanjšajo nespecifiĉne vezave ter izpostavijo alergen za vezavo IgE. 
Alergen, oznaĉen s kvantnimi pikami amino-Qdot smo uporabili v multipleks testu 
aktivacije bazofilcev na vzorcih krvi 17 bolnikov s preobĉutljivostno reakcijo za strup ĉebele 
in 6 kontrolah. Bazofilce v krvi smo stimulirali z nanokristali amino-Qdot 705-Api m 1 ter 
amino-Qdot 800-Api m 2 v loĉenih epruvetah. Nato smo vzorce pred dodatkom protiteles 
zdruţili in analizirali v multipleks testu. Rezultat multipleks BAT analize smo primerjali z 
rezultatom obiĉajne BAT analize. Rezultate obeh metod smo med seboj primerjali in preverili 
odstotek ujemanja med obema testoma. Skladen rezultat smo ugotovili pri 15 od 17 bolnikih 
in 6 od 6 kontrolnih osebah s primerljivimi krivuljami odziva na alergen, kar kaţe, da so tako 
pripravljeni nanokristali uporabni za soĉasno BAT analizo z veĉ alergeni. 
 
Ključne besede: alergija za ĉebelo, kvantne pike, test aktivacije bazofilcev, multipleks 
________________________________________________________________________ 
Izjava 
Podpisana Abida Zahirović izjavljam, da moje delo v okviru doktorata v ĉlanku z naslovom 
Fluorescent labelling of major honeybee allergens Api m 1 and Api m 2 with Quantum dots 
and development of multiplex basophil activation test obsega kvantifikacijo in vrednotenje 
IgE reaktivnosti alergenov, oznaĉenih s kvantnimi pikami. 
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To the Editor: 
The  basophil activation test (BAT) represents a useful tool to detect immediate 
hypersensitivity reactions, including those in response to food, drugs, and Hymenoptera 
venom allergy
1
. However, to improve its performance and lower the labor requirements, 
further evaluation in terms of feasibility and cost-effectiveness is necessary. The labeling of 
allergens with fluorescent probes may represent a novel approach for BAT assessment, using 
cell surface staining with differently labelled allergens to gate for staining of activation 
markers on cells stained with particular allergen. This would allow the multiplex analysis of 
basophil activation by various allergens with a significantly smaller number of test probes. To 
undertake the initial validation and assessment of the multiplex BAT, we used two major bee 
venom allergens, phospholipase A2 (Api m 1)
2
 and hyaluronidase (Api m 2)
3
, that were 
labeled with Quantum dot (Qdot) nanocrystals
4
 of two different sizes and surface chemistries. 
 We enrolled 33 patients with honeybee venom (HBV) allergy and 6 atopic controls. In 
10 patients, we performed an immunodot IgE assay with Qdot-labeled Api m 1 or 2. In 23 
patients and 3 atopic controls, we performed the BAT with Api m 1 and/or 2, and then we 
performed the singleplex BAT with Qdot-labeled Api m 1 or 2 in 6 patients and the multiplex 
BAT with Qdot-labeled Api m 1 and 2 in 17 patients and 6 atopic controls. The clinical 
characteristics of the included subjects are summarized in Appendix S1: Table S1. The full 
methodological details, materials and suppliers are provided in Appendix S1. Briefly, natural 
Api m 1 and recombinant Api m 2 (produced in High Five insect cells) were conjugated to 
Qdot® ITK™ quantum dots (emission maximums at 705 nm and 800 nm) with an amino 
(PEG) or carboxyl functionalized polymer coating. The IgE reactivity of the Qdot-labeled 
allergens was assessed by an immunodot assay. The allergenic activity was determined using 
the BAT, in which basophils were identified as CD123-positive and HLA-DR-negative cells, 
while CD63 was used as a marker of basophil activation
5,6
. The study was approved by the 
Slovenian National Medical Ethics Committee. All patients gave their informed consent. 
 We first assessed the IgE reactivity of amino and carboxyl Qdot-labeled Api m 1 
(NQ705-Api m 1 and CQ705-Api m 1) and Api m 2 (NQ800-Api m 2 and CQ800-Api m 2) 
allergens. The Qdot-coupled allergens bound IgE in patient samples in the immunodot assay 
regardless of their conjugation and size, whereas the unconjugated Qdots showed no 
interaction with serum IgE, demonstrating that IgE reactivity was specific to the allergens 
(Figure 1A). We then tested whether the Qdot-labeled allergens could induce the activation 
of basophils in HBV-allergic patients. The amino but not the carboxyl Qdot-labeled Api m 1 
and Api m 2 were able to activate basophils, as reflected in the dose-response curves of 
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basophil CD63 in the presence of NQ705-Api m 1 and NQ800-Api m 2, which were 





Figure 1: (A) Evaluation of the IgE reactivity of Qdot-labeled allergens with immunodot assays. The 
upper row: binding of Api m 1, NQ705-Api m 1, CQ705-Api m 1 and unconjugated Qdot 705 to IgE 
from the sera of honey bee venom (HBV)-allergic patients. The lower row: binding of Api m 2, 
NQ800-Api m 2, CQ800-Api m 2 and unconjugated Qdot 800 to IgE from the sera of HBV-allergic 
patients. (B) Evaluation of the allergenic activity of Qdot-labeled allergens with the BAT. The upper 
row: CD63 basophil response to Api m 1, NQ705-Api m 1 and CQ705-Api m 1. The lower row: CD63 
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basophil response to Api m 2, NQ800-Api m 2 and CQ800-Api m 2. Arbitrary units (AU) were used 
to represent the concentration of Qdots in samples, as presented in Figure S1. 
 
Although the IgE reactivity of the conjugated allergens was similar for Qdots with both 
chemistries, the allergenic activity, as evaluated by the BAT, was preserved only for the 
amino-conjugated Qdots, but not for carboxyl-conjugated Qdots. Carboxyl-conjugated Qdots 
with carboxylate functionalized coating provided more binding sites for proteins than the 
amino-conjugated Qdots. However, due to the absence of flexible PEG linkers, which have 
been shown to reduce nonspecific binding, carboxyl-conjugated Qdots may limit the 
accessibility of the Api m 1 and Api m 2 epitopes
7,8
. Conversely, the amino-conjugated Qdot 
probes contained amine-derivatized PEG, which distances the allergens further away from the 
Qdot, possibly preventing nonspecific interactions with epitopes. 
 We further tested the amino Qdot-labeled Api m 1 (NQ705-Api m 1) and amino Qdot-
labeled Api m 2 (NQ800-Api m 2) in the multiplex BAT by analyzing CD63 expression in a 
subpopulation of basophils according to the binding of the fluorescent allergen (Figure S2). 
Api m 1 and 2 double-positive patients showed highly comparable results for both the 
multiplex BAT and BAT (mean CD63high response was 77.9% for NQ705-Api m 1 compared 
to 82.6% for Api m 1 and 68.8% for NQ800-Api m 2 compared to 69.6% for Api m 2). 
Similarly, Api m 1 mono-positive patients also showed comparable results for both the 
multiplex BAT and BAT (mean CD63high response was 54.0% for NQ705-Api m 1 compared 
to 62.0% for Api m 1 and 0.0% for NQ800-Api m 2 compared to 2.7% for Api m 2). In the 
atopic controls, both the multiplex BAT and BAT showed a negative basophil response 
(Figure 2A and Table S1). We found a strong positive correlation between native and NQ-
labeled Api m 1 or 2 (r≥0.88, P<0.0001) for samples with a CD63high basophil response (BAT 
and multiplex BAT) (Figure 2B). Considering the threshold value of 15% for CD63-positive 
basophils
1
, 15 out of 17 patients and 6 out of 6 controls had matching results for the multiplex 
BAT and BAT. There were also some limitations of our study. According to the BAT results, 
one patient was classified as Api m 1 mono-positive but was identified as double negative by 
the multiplex BAT. This patient had low levels of Api m 1-specific IgEs (0.52 kUA/L). 
Another discordant patient had a double positive BAT result but was identified as Api m 1 
mono-positive by the multiplex BAT. Interestingly, this patient had undetectable Api m 2 IgE 
(<0.1 kUA/L), with positive Api m 2 BAT results
9
. These results suggest that very low IgE 
levels could have an impact on the results of the multiplex BAT. 




Figure 2: (A) Comparison between the results of the BAT and multiplex BAT in 3 allergic controls 
(first row) and 9 double-positive (Api m 1+ Api m 2+) (second row) B) and 8 mono-positive (Api m 
1+) (third row) honeybee venom (HBV)-allergic patients. Data are expressed as the mean±SEM. B) 
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Pearson correlation analysis of the CD63high basophil responses in the BAT and multiplex BAT for 17 
HBV-allergic patients and 3 atopic controls. 
 
 Multiplex BAT allowed reduction in consumables and reagents, equipment operation 
and cell (half less samples for acquisition) and data analysis. Furthermore, Qdot nanocrystals 
have broader excitation and narrower and brighter emission wavelengths compared to more 
traditional fluorophores/dyes
4
. However, we might consider allergen-Qdot conjugates as 
multimeric allergens with different properties compared to pure allergen. Therefore, their 
binding and activation capabilities are not completely comparable, what is some cases results 
in shifts between response curves and/or maximal CD63 response (Figure 1B, Figure 2A). 
Additionally, in some patients, preferably those with low sIgE, allergen-Qdot conjugates have 
lower sensitivity. 
 In conclusion, this is the first study describing the labeling of allergens with 
fluorescent probes, the evaluation of their IgE reactivity and their performance in the BAT. 
We showed that Qdot-labeled allergens retained IgE reactivity, whereas only amino Qdot-
labeled allergens retained the capability to induce basophil activation. By using amino Qdot-
labeled allergens, we established and assessed a novel multiplex BAT approach that allowed 
us to analyze basophil responses to multiple allergens at the same time. Our study 
demonstrates the significant correlation between multiplex BAT and BAT results. Finally, this 
approach will provide novel diagnostic possibilities and enable further studies of the role of 
the surface distribution of allergen-specific IgEs in the responses of effector cells.  
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METHODS 
Patients and clinical samples 
For the assessment of the IgE reactivity of Qdot-labeled allergens, serum samples from 5 
HBV-allergic patients with positive IgE against Api m 1 and 5 HBV-allergic patients with 
positive IgE against Api m 2 were collected and pooled together to generate Api m 1-IgE-
positive sera and Api m 2-IgE-positive sera. For the assessment of the allergenic activity of 
the Qdot-labeled allergens, whole blood samples from 3 patients with a positive BAT result 
for Api m 1 and 3 patients with a positive BAT result for Api m 2 were collected. For the 
multiplex BAT, whole blood samples from 17 HBV-allergic patients with a positive BAT 
result for HBV and 6 atopic controls with a negative BAT result for HBV were collected. The 
details of the patient data are summarized in Table S1. All samples were collected at the 
University Clinic of Respiratory and Allergic Diseases, Golnik, Slovenia. The study was 
approved by National Medical Ethics Committee of the Republic of Slovenia. All patients 
provided written informed consent for participation in this study.  




Allergen labeling with Qdots 
A total of 0.5 mg nApi m 1 (Latoxan, France) and 0.5 mg rApi m 2 (expressed in High Five 
insect cells as a glycosylated His-tagged protein
S1
) were conjugated to Qdot® 705 or 800 
ITK™ Amino (PEG) Quantum Dots and Qdot® 705 or 800 ITK™ Carboxyl Quantum Dots 
(Thermo Scientific, Rockford, IL, USA) according to the manufacturer`s protocol. Briefly, the 
conjugation of allergens to Qdot® 705 or 800 ITK™ Carboxyl Quantum Dots was carried out 
in 10 mM borate buffer (Sigma Aldrich, St. Louis, MO, USA). After adding EDC (1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride) (Sigma Aldrich) as the carbodiimide 
crosslinker at a final concentration of 0.2 mg/ml, the samples were incubated for 2 hours at 
room temperature. After ultrafiltration, the Qdot-labeled allergens were resuspended in borate 
buffer with 0.02% sodium azide and stored at 4°C until use. For the conjugation of allergens 
to Qdot® 705 or 800 ITK™ Amino (PEG) Quantum Dots, the crosslinking was performed 
with 100 mM BS3 (bis(sulfosuccinimidyl) suberate) (Thermo Scientific), which was added to 
the solution of Qdots at a final ratio of 1:80 (Qdots:BS3), and the samples were incubated for 
2 hours at room temperature. The reaction was quenched by the addition of glycine (Sigma-
Aldrich) to a final concentration of approximately 50 mM for 15 minutes. After ultrafiltration, 
the Qdot-labeled allergens were resuspended in PBS supplemented with 0.02% sodium azide 
and stored at 4°C until use. 
 
Measurement of Qdot fluorescence 
The quantification of Qdots after labeling was carried out by measuring the Qdot fluorescence 
intensities of serially diluted unconjugated Qdots with known concentrations and calculating 
the concentration of the Qdots in the samples according to the resulting calibration curves 
(Figure S1). Qdot fluorescence of unconjugated Qdots and samples of allergen-Qdot 
conjugates was measured with a Tecan microplate spectrofluorometer (Tecan Safire2, 
Switzerland). The excitation wavelength was set at 400 nm, and the emission was measured at 
wavelengths of 705 nm and 800 nm for the 705-Qdots and the 800-Qdots, respectively. For 
quantification, calibration curves were constructed using the 4PL curve-fitting model in 
GraphPad Prism 8.0 (San Diego, Calif.). 
 
Immunodot assay 
The IgE reactivity of the Qdot-labeled allergens was assessed by immunodot assays using 
rApi m 1 or rApi m 2 IgE-positive pooled sera from honeybee venom-allergic patients (n=5). 
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One microliter of each sample was spotted onto a 0.45 µm nitrocellulose membrane (GE 
Healthcare, UK), and the membrane was blocked with 5% skim milk in Tris-buffered 
saline/0.05% Tween 20 (TBST) for 1.5 hours at room temperature and incubated overnight at 
4°C with pooled human sera diluted 1:10 in 0.05% TBST. Following triple washing with 
0.1% TBST, the membranes were incubated with HRP-conjugated goat anti-human IgE 
antibody(Thermo Fisher Scientific Cat# A18793 RRID: AB_2535570) diluted 1:5000 in 1% 
BSA/0.1% TBST for 2 hours at room temperature. The reactive dots were visualized with a 
CCD image analysis system (G-Box, Syngene, UK) after 5 minutes incubation in SuperSignal 
West Dura Extended Duration Substrate (Thermo Fisher Scientific). 
 
IgE measurements 
The measurements of specific IgE against HBV, Api m 1, and Api m 2 and total IgE from 
pooled sera samples and the plasma of patients were determined with an Immulite system 
(Siemens, Erlangen, Germany). A result above 0.10 kU/Al was considered positive. 
 
Basophil activation test (BAT) 
The BAT was performed as previously described
S2–S3
. Briefly, whole blood samples were 
incubated with nApi m 1 and rApi m 2 (final concentrations ranged from 10-0.001 µg/ml) and 
HBV (Hal Allergie, Haarlem, the Netherlands; final concentrations ranged from 1-0.0001 
µg/ml) for 15 minutes at 37°C. For the controls, the cells were exposed to stimulation buffer 
alone (negative control) or to 0.55 μg/mL of anti-FcεRI mAb (Bühlmann Laboratories AG, 
Swiss) and 50 μg/ml of fMLP (Sigma-Aldrich) (positive control). Degranulation was stopped 
by chilling on ice, after which CD123-PE/HLA-DR-PerCP/CD63-FITC-labeled antibodies 
(BD Biosciences, USA) were added and incubated for 20 minutes. Finally, the whole blood 
samples were lysed, washed, fixed, and analyzed within 2 hours on a FACSCanto II flow 
cytometer (BD Biosciences). The basophils were identified as low side scatter, CD123-
positive, and HLA-DR-negative cells, and the quantitative percentage of degranulated 
basophils was measured as a percentage of the CD63-positive cells. A total of 400 events 
were acquired in the basophil gate for each analyzed sample. A previously defined threshold 




BAT with Qdot-labeled allergens and the multiplex BAT 
The allergenic activity of Qdot-labeled allergens was assessed with the BAT as described 
above using CD123-PE/HLA-DR-APC/CD63-FITC-labeled antibodies (all from BD 
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Biosciences). The Qdot 705 fluorescence was measured with a 670 LP filter (exc. 488 nm) 
and the Qdot 800 fluorescence was measured with a 780/60 filter (exc. 488 nm). For the 
multiplex BAT, 50 µl of whole blood was stimulated with Qdot-labeled Api m 1 or Api m 2 
in a separate tube for 15 minutes at 37°C. Afterwards, the tubes with the tested allergens were 
merged and degranulation was stopped by chilling on ice after anti-CD123-PE/anti-HLA-DR-
APC/CD63-FITC were added and incubated for 20 minutes. Finally, the whole blood samples 
were lysed, washed, fixed, and analyzed within 2 hours on a FACS Canto II (BD Biosciences) 
with FlowJo software (v10; TreeStar, Ashland, Ore). A total of 1000 events were acquired in 
the basophil gate for each analyzed sample. An example of the gating strategy used for the 
flow cytometry basophil subpopulation analysis is shown in Figure S2. For stimulation 
control, stimulation with mixture of both labeled allergens was also performed in one patient 
with double (Api m 1& m 2)-positive BAT (Figure S3). A threshold value of 15% of the 
CD63-positive basophils was considered positive. If less than 5% of the basophils had bound 
the Qdot-labeled allergen, the Qdot BAT result was considered negative.  
 
Statistics 
The distribution of the data was determined using the D’Agostino and Pearson omnibus 
normality test. The data are presented as the mean±SEM, unless otherwise stated. The 
Pearson rank correlation test was used to analyze the degree of linear association between the 
maximal CD63 basophil response in the multiplex BAT and BAT. A P-value below 0.05 was 
considered to be statistically significant. All statistical analyses were carried out using 
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Table S1: Clinical characteristics and results of IgE and BAT testing in included subjects. 
  Immunodot  Singleplex BAT Multiplex BAT 
  Pooled Api m 1+ 
sera (n=5 †)  
Pooled Api m 2+ 
sera (n=5 †) 
Api m 1+ pts 
(n=3 ‡) 
Api m 2+ pts 
(n=3 ‡) 
Double 
(Api m 1& m 
2)+ pts (n=9 ‡) 
Mono 




Age in years  (range) 58 (42-65) 46 (22-59) 39 (35-51) 72 (35-80) 50 (19-68) 43 (21-63) 39 (26-72) 
Male (%)  40 80 67 33 38 44 50 
IgE (kUA/L)         
 HBV 7.18 31.8 20.91 (19.20) 22.33 (18.52) 26.83 (10.64) 22.41 (11.73) <0.1 (0.04) 
 Api m 1 6.24 NA 0.47 (0.04) NA 16.55 (7.65) 16.23 (9.18) <0.1 (0.0) 
 Api m 2 NA 13.3 NA 33.08 (30.81) 26.09 (9.65) <0.1 (0.0) <0.1 (0.0) 
 Total 87 195 695.3 (636.7) 244.0 (191.4) 344.2 (212.0) 130.9 (47.44) 168.5 (63.3) 
BAT (%)         
 HBV CD63high NA NA 80.63 (7.08) 78.20 (9.50) 83.98 (5.25) 60.92 (8.52) 4.12 (1.20) 
 Api m 1 CD63high NA NA 56.20 (3.48) NA 82.59 (6.44) 62.03 (8.03) 3.92 (1.48) 
 Api m 2 CD63high NA NA NA 31.67 (10.41) 69.56 (8.99) 2.68 (0.60) 2.40 (0.55) 
 NQ705-Api m 1 CD63high NA NA 23.80 (8.46) NA 77.91 (7.20) 53.96 (11.59) 0.0 (0.0) 
 NQ800-Api m 2 CD63high NA NA NA 40.47 (5.49) 68.84 (13.08) 0.0 (0.0) 0.0 (0.0) 
 CQ705-Api m 1 CD63high NA NA 4.20 (2.32) NA NA NA NA 
 CQ800-Api m 2 CD63high NA NA NA 0.77 (0.32) NA NA NA 
Reaction severity  
(Mueller grade; IV/III/II/I) 
2/1/2/0 2/0/2/1 0/3/0/0 2/1/0/0 5/0/2/1 4/3/2/0 NA 
Data are expressed as the mean (SEM) unless otherwise indicated. HBV: honeybee venom; BAT: basophil activation test, pts: patients 
† Patients were selected according to the Api m 1- and Api m 2-specific IgE results in sera. 
‡ Patients were selected according to the Api m 1 and Api m 2 BAT results. 
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CD63high: HBV 1 µg/ml; Api m 1, 2, 10 µg/ml; NQ/CQ 705/800 Api m 1, 2, 10 arbitrary units according to the concentration of the Qdots according to the constructed 
calibration curves (Figure S1) 
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Figure S1: Quantification of the Qdots in Qdot-labeled Api m 1/ Api m 2. The average fluorescence 
intensities of triplicates are shown together with the standard deviation and 95% confidence interval. 
Qdot-labeled Api m 1/ Api m 2 were diluted 50-fold prior to quantification. The concentration of the 
undiluted Qdots after conjugation is given in brackets and corresponds to 100 arbitrary units (AU) for 
each labeled allergen.  
 




Figure S2: An example of the flow cytometric gating strategy used for A) the atopic control 
and B) the double-positive (Api m 1 and Api m 2) and C) mono-positive (Api m 1) honeybee 
venom-allergic patients. 




Figure S3: Flow cytometric data on allergen staining pattern in basophils after (A) separate 
allergen stimulation and B) stimulation with mixture of both allergens in one patient with 
positive BAT to Api m 1 and Api m 2. 
 
 




Specifiĉna imunoterapija (SIT) s ĉebeljim strupom je uĉinkovita, saj 90 % pacientov, ki so 
uspešno zakljuĉili zdravljenje s SIT nima veĉ preobĉutljivostne reakcije po piku koţekrilca; 
pri drugih je reakcija blaţja kot pred SIT. Kljub temu se med imunoterapijo pogosto pojavijo 
stranski uĉinki v obliki alergijskih reakcij vseh stopenj, kar je posledica interakcije nativnih 
alergenov iz ekstrakta z IgE na bazofilcih in mastocitih. Zato so raziskovalci zaĉeli razvijati 
razliĉne pristope za izboljšanje SIT, vsem pa je bil skupni prvotni cilj – to je ĉim veĉja 
varnost terapevtskega pripravka, kar je še posebej pomembno pri ţivljenje ogroţajoĉih 
alergijah, kot je alergija po piku ĉebele. V prvem delu prvega poglavja doktorskega dela smo 
sistematiĉno preuĉili terapevtski potencial novih metod z vidika varnosti in uĉinkovitosti. 
Eden od pristopov je razvoj alternativnih pripravkov, ki bi v primerjavi z ekstrakti alergenov 
predstavljali varnejše in uĉinkovitejše specifiĉne imunoterapevtike. Intenzivne raziskave 
potencialnih novih pripravkov potekajo na podroĉju uporabe spremenjenih alergenov ali 
fragmentov alergenov, ki vsebujejo prevladujoĉe epitope ter na podroĉju peptidnih mimetikov 
epitopov alergenov (mimotopov). Poleg tega kot dopolnilno terapijo raziskujejo tudi 
humanizirano monoklonsko protitelo proti IgE (omalizumab) za premagovanje neţelenih 
uĉinkov in laţje doseganje vzdrţevalnega odmerka pri pacientih, ki utrpijo teţke sistemske 
alergijske reakcije v uvajalni fazi (118, 119). Omalizumab veţe proste IgE v krvi in blokira 
vezavo IgE na visoko afinitetne receptorje FcεRI na mastocitih in bazofilcih. Tako uĉinkovito 
zmanjšuje število IgE, ki bi sproţili izloĉanje vnetnih mediatorjev iz bazofilcev in mastocitov, 
vendar omalizumab ne more blokirati IgE, ki je ţe vezan na FcεRI zato ne more prepreĉiti 
alergijske reakcije, ki se je ţe razvila. Nedavno so ustvarili protitelo s sposobnostjo, da 
izpodrine IgE z FcεRI na efektorskih celicah, ki bi se potencialno lahko uporabljalo za 
prepreĉitev alergijske reakcije (120). Med ostalimi oblikami dopolnilnega zdravljenja so 
trenutno v razvoju adjuvansi oziroma dostavni sistemi, ki usmerijo T celiĉni imunski odziv v 
tip 1. Mednje sodijo CpG motivi (agonisti Toll-u podobnega receptorja 9), liposomi, 
mikrosfere ali virusom podobni delci (VLP). Nekateri od novejših adjuvansov, kot je 
monofosforil lipid A, se ţe uporabljajo v komercialnih pripravkih za subkutano SIT (121). 
Poleg tega raziskujejo tudi alternativne dostavne poti, pri ĉemer skušajo spodbuditi moĉan 
imunski odziv z nadzorovano dostavo aktivnih uĉinovin direktno v ciljna tkiva in s tem 
skrajšati trajanje terapije. Takšen primer je aplikacija alergena neposredno v bezgavke ali na 
oralno sluznico, kjer je veliko število celic udeleţenih v procesu razvoja imunske tolerance 
(122). Na podlagi izsledkov predkliniĉnih in kliniĉnih raziskav ugotovljamo, da so posamezne 
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terapije delno uĉinkovite pri uravnavanju izredno kompleksnega alergijskega odziva, zato bo 
verjetno potrebna kombinacija pristopov za doseganje optimalnih kliniĉnih izidov. Glede na 
to da se koncepti medsebojno ne izkljuĉujejo, bi lahko naĉrtovali kombinirano cepivo, ki bi 
vsebovalo varno hipoalergeno uĉinkovino; njeno imunogenost bi izboljšali z adjuvansi in jo 
vgradili v dostavne sisteme ali aplicirali po alternativnih dostavnih poteh. Funkcija 
hipoalergenega derivata alergena v cepivu je, da zmanjša tveganje za stranske uĉinke in 
omogoĉi aplikacijo veĉjega odmerka, moĉni adjuvans je namenjen ojaĉitvi odziva in njegovi 
usmeritvi v Th1, vgradnja v napredne dostavne sisteme pa bi zagotavila ciljno dostavo ter 
zašĉito alergena pred denaturacijo. Uĉinki posameznih sestavin cepiva bi se torej medsebojno 
dopolnjevali in potencialno dosegli sinergistiĉni uĉinek. Omenjena strategija se je izkazala za 
precej uspešno, saj so cepiva, ki slonijo na podobnem konceptu, ţe registrirana. Takšen 
primer so pripravki alergoidov (ambrozije, trav, breze) v kombinaciji s potentnim adjuvansom 
monofosforil lipidom A adsorbirani na mikrokristalni tirozin, s katerimi doseţemo imunsko 
toleranco po zgolj štirih odmerkih (123-127). Kombinacije se torej kaţejo kot uspešne in 
najverjetneje predstavljajo smer, v katero bo šel nadaljni razvoj cepiva (Prvo poglavje, 1. del).  
 
Eno izmed perspektivnejših skupin novih imunoterapevtikov predstavljajo peptidni 
mimetiki epitopov alergenov (mimotopi), ki smo jim posvetili poglavitni del doktorskega 
dela. Zaradi potencialne terapevtske uporabnosti smo se odloĉili poiskati mimotope glavnega 
alergena ĉebeljega strupa, Api m 1 (Drugo poglavje). Kot izhodišĉe in osnovno metodo v 
okviru eksperimentalnega dela smo uporabili presejanje bakteriofagnih knjiţnic nakljuĉnih 
kratkih peptidov na protitelesih usmerjenih proti Api m 1. Presejanje knjiţnic oziroma 
afinitetna selekcija nam omogoĉa, da iz velikega nabora bakteriofagnih klonov (10
11
 pfu) 
izselekcioniramo tiste, ki na svoji površini predstavljajo peptide, usmerjene proti biološko 
pomembnim vezišĉem na površini tarĉnega proteina. Poslediĉno lahko takšni peptidi vplivajo 
na delovanje tarĉnih molekul ali oponašajo njihove naravne ligande. Da bi poveĉali moţnost 
izbora biološko aktivnih mimotopov, smo racionalno uporabili pristope, ki so pomembni za 
uspešno obogatitev specifiĉnih vezalcev iz bakteriofagnih knjiţnic. V dosedanjih raziskavah 
se je izkazalo, da na izid afinitetne selekcije iz bakteriofagnih peptidnopredstavitvenih 
knjiţnic pomembno vplivajo naslednji faktorji: (i) kompleksnost knjiţnice in dolţina 
predstavljenih peptidov, (ii) izbor tarĉne molekule (narava, ĉistost, koncentracija, specifiĉnost 
in stabilnost) in (iii) pogoji selekcije (ĉas inkubacije knjiţnice s tarĉo, število spiranj, naĉin 
elucije). V veĉini primerov velja, da veĉja kot je raznolikost knjiţnice, veĉja je verjetnost 
uspešne selekcije in s tem identifikacije peptidov z ţelenimi lastnostmi. Pri našem delu smo 
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uporabili tri komercialne bakteriofagne knjiţnice nakljuĉnih kratkih linearnih peptidov 
dolţine 7 ali 12 aminokislinskih ostankov ter cikliĉnih heptamernih peptidov (Ph.D.-7, Ph.D.-
C7C in Ph.D.-12). Kar se tiĉe narave tarĉne molekule so sodelavci z analizo rezultatov 
predhodnih afinitetnih selekcij, izvedenih v našem laboratoriju ugotovili, da so tarĉe, ki imajo 
na površini reţe ali ţepe za sidranje krajših peptidov najprimernejše za selekcijo krajših 
peptidnih ligandov, medtem ko so se proteini, za katere so praviloma znaĉilne veĉje in 
plošĉate stiĉne površine, izkazali kot manj primerne tarĉe za selekcijo peptidnih ligandov
 
(128). Odstotek uspešnosti selekcij na protitelesih je precej velik, kar pripisujemo topološkim 
lastnostim njihovih konkavnih vezišĉ. Uporaba poliklonskih protiteles z raznovrstno 
specifiĉnostjo poveĉa verjetnost izolacije veĉjega števila razliĉnih mimotopov, medtem ko z 
monoklonskimi protitelesi naĉeloma pridobimo majhno število mimotopov, ki posnemajo en 
dominanten epitop. Tarĉna protitelesa morajo biti visoko ĉista, saj v serumu prisotna 
nespecifiĉna protitelesa ter drugi proteini in primesi lahko zmotijo izolacijo specifiĉnih 
vezalcev. Zato serum bolnikov pred postopkom selekcije praviloma afinititetno preĉistimo s 
pomoĉjo naravnega liganda. Pri našem delu smo najprej poskusili izselekcionirati mimotope 
Api m 1 s presejanjem na IgE protitelesih iz seruma pacientov (pribliţno 1 ml), ki smo ga 
afinitetno preĉistili s pomoĉjo nativnega Api m 1, vendar nismo uspeli izolirati nobenega 
pozitivnega vezalca. Nato smo vse IgE iz seruma pacientov »polovili« z monoklonskimi 
protitelesi proti konstantnem (Fε) fragmentu IgE ter jih uporabili kot tarĉo v selekciji. Da bi se 
izognili izolaciji nespecifiĉnih ligandov ozadja, smo pred drugim in tretjim selekcijskim 
ciklom izvedli substraktivni korak oziroma negativno selekcijo na paramagnetnih kroglicah, 
prekritih z lovilnimi protitelesi. Kljub temu smo izolirali le tri peptide, ki so se vezali na 
blokirno sredstvo (BSA) (ni objavljeno). Vzrok za neuspešno obogatitev klonov z uporabo 
afinitetno preĉišĉenega seruma alergiĉnih bolnikov je najverjetneje premajhna koncentracija 
IgE v oĉišĉeni frakciji. Raven IgE v serumu je sicer precej nizka (petstokrat niţja od IgG), saj 
IgE obsega 0,002 % celokupnih imunoglobulinov (IgG, IgA, IgM, IgD). Zlasti pacienti z 
zgodovino hudih sistemskih alergijskih reakcij po piku ĉebele imajo nizke koncentracije tako 
celokupnih kot tudi za alergen specifiĉnih IgE (12, 129). To pomeni, da bi potrebovali znatno 
veĉje koliĉine seruma pacientov za uporabo IgE kot tarĉe v selekciji. V nadaljevanju smo zato 
kot alternativno tarĉo uporabili zajĉja poliklonska IgG protitelesa, afinitetno preĉišĉena s 
pomoĉjo Api m 1. Slednja so imela visoko koncentracijo in ĉistost. Skupaj smo izvedli tri 
neodvisne afinitetne selekcije, pri ĉemer smo tarĉna protitelesa ciljali s komercialno 
dostopnimi knjiţnicami nakljuĉnih kratkih linearnih peptidov dolţine 7 ali 12 aminokislinskih 
ostankov ter s knjiţnico cikliĉnih heptamernih peptidov. Afinitetne selekcije smo izvedli z 
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inkubacijo bakteriofagov s tarĉnimi protitelesi, predhodno imobiliziranimi na paramagnetnih 
kroglicah s pomoĉjo proteina A. Da bi se izognili izolaciji nespecifiĉnih vezalcev proteina A, 
smo v drugi stopnji namesto subtraktivnega koraka uporabili protein G za imobilizacijo 
tarĉnih protiteles. Proteina A in G veţeta konstantno regijo protitelesa, kar zagotavlja 
dosegljivost variabilnega dela protiteles za rešetanje knjiţnice. Elucijo vezanih bakteriofagov 
smo izvedli nespecifiĉno s kislim pufrom (glicin-HCl, pH 2,2) ali kompetitivno z dodatkom 
preseţka naravnega liganda (nApi m 1). Potek afinitetne selekcije smo spremljali z 
doloĉanjem števila eluiranih bakteriofagov v posamezni selekcijski stopnji in rezultate 
predstavili kot odstotek elucije. Slednji nam pove, kolikšen deleţ bakteriofagov se je vezal na 
tarĉna protitelesa glede na titer, ki smo ga vnesli v selekcijsko stopnjo (2×10
11
 pfu). Pri vseh 
selekcijah se je odstotek elucije postopoma poveĉeval (iz prve v drugo in iz druge v tretjo 
stopnjo), kar je nakazovalo uspešno obogatitev populacije vezalcev. Po tretji selekcijski 
stopnji smo iz vsake afinitetne selekcije nakljuĉno izbrali 48 posameznih fagnih klonov 
(skupaj 144) in preverili njihovo afiniteto do tarĉe s presejalnim (kvalitativnim) testom 
monoklonska ELISA. Kot pozitiven rezultat smo doloĉili arbitrarni kriterij, da je absorbanca 
višja od 1. Od 144 testiranih klonov je 59 (41 %) ustrezalo omenjenemu kriterijumu, kar 
pomeni da se je velik deleţ eluiranih fagov vezal na tarĉna protitelesa. K temu sta verjetno 
prispevali visoka koncentracija in ĉistost tarĉnih protiteles proti Api m 1. Tudi odzivi so bili 
visoki (razmerje med absorbanco, izmerjeno pri vezavi na tarĉo in ozadjem je bilo veĉje od 10 
pri vseh izbranih klonih) in nismo zaznali vezave fagov na ozadje (BSA). Konformacijsko 
omejeni peptidni ligandi so izkazovali nekoliko višjo avidnost do tarĉnih protiteles v 
primerjavi z linearnimi, kar je posledica zniţane konformacijske entropije v nevezanem 
stanju. Pozitivnim klonom smo izolirali DNA in doloĉili nukleotidno zaporedje inserta. Med 
59 najboljšimi vezalci smo identificirali kolekcijo 46 edinstvenih peptidov (nekateri so bili 
obogateni veĉkrat). 
 
Za doseganje terapevtskega uĉinka morajo mimotopi alergenov, glede na predlagane 
mehanizme delovanja SIT, izpolnjevati naslednje zahteve: i) morajo bili selektivni mimetiki 
epitopov izbranih alergenov, ii) ne smejo biti alergogeni in iii) morajo biti imunogeni ter 
sposobni modulacije imunskega odziva. Relativno jakost vezave in selektivnost pridobljenih 
peptidov do paratopov na tarĉnih protitelesih smo ovrednotili v seriji encimsko-imunskih 
testov. Najprej smo v semikvantitativnem testu ELISA ob dodatku istega števila posameznih 
fagnih klonov primerjali klone med seboj glede jakosti vezave na tarĉna protitelesa. Rezultati 
kaţejo, da se veĉina klonov moĉno veţe na tarĉna protitelesa. Na podlagi intenzitete signala 
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smo iz nadaljnjega vrednotenja izmed vseh 46 bakteriofagnih klonov izkljuĉili le 10 klonov, 
katerih absorbanĉni signali so bili niţji od 1. Zatem smo preverili, ali se peptidi veţejo na 
variabilni fragment (Fab) na protitelesih, kar smo prav tako ocenili s testom ELISA, kjer smo 
kot tarĉo uporabili izotipska protitelesa (imajo isto Fc regijo kot tarĉna protitelesa, a drugaĉno 
Fab regijo). Nismo zaznali vezave klonov na izotipska protitelesa, kar pomeni, da se ne veţejo 
na konstantno regijo (Fc) temveĉ na variabilni del tarĉnih protiteles. S kompetitivno razliĉico 
testa ELISA (tj. izpodrivanjem bakteriofagnih klonov s tarĉnih protiteles z alergenom) smo 
ugotavljali, ali se pozitivni kloni veţejo na iste paratope na tarĉnih protitelesih kot Api m 1. 
Api m 1 je uspešno izpodrinil vse testirane bakteriofagne klone, kar pomeni, da tekmujejo z 
Api m 1 za ista vezavna mesta na tarĉnih protitelesih (ali vezišĉa v neposredni bliţini). 
Opazno je, da Api m 1 izpodriva bakteriofagni klon QTPDWQGRFTHT nekoliko manj 
izrazito, kakor ostale klone oz. so bile za njegovo popolno izpodrivanje potrebne veĉje 
koncentracije Api m 1, kar priĉa o višji avidnosti tega klona ali vezavi na drugi paratop. Po 
podrobnem vrednotenju smo torej pridobili 36 fagnih klonov, ki so se moĉno in specifiĉno 
vezali na tarĉna protitelesa ter tekmovali z Api m 1 za paratope na tarĉnih protitelesih. 
Kompeticija z Api m1 nakazuje, da se vezavno mesto mimotopov na tarĉnih protitelesih vsaj 
delno prekriva z vezišĉem za Api m 1 in potrjuje, da gre za mimetike Api m 1 (mimotope). 
 
Aminokislinska zaporedja pridobljenih peptidov smo analizirali in silico. S 
pregledovanjem dostopnih internetnih baz, ki vsebujejo sezname peptidov, pridobljenih iz 
bakteriofagnih knjiţnic, ki s tarĉo niso povezani (ang. target unrelated peptides (TUP)), smo 
naprej preverili, ali so v naboru naših peptidov morebiti tudi takšni. Med našimi peptidi nismo 
zasledili do sedaj znanih s tarĉo nepovezanih peptidov. Nato smo aminokislinska zaporedja 
izoliranih peptidov medsebojno poravnali in znotraj njih poiskali ponavljajoĉ se skupni motiv 
(SequenceLogo). Ker je za vezavo na tarĉni protein obiĉajno odgovorno le manjše število 
aminokislin ne glede na velikost peptidnega liganda, bi lahko bil veĉkrat ponovljen skupen 
peptidni motiv potencialno odgovoren za vezavo bakteriofagov na tarĉo. Glede na prisoten 
motiv smo peptide razdelili v dve skupini. V prvo skupini se je uvrstilo 29 peptidov iz 
linearnih knjiţnic in 7 peptidov iz cikliĉne knjiţnice, ki so vsebovali GP[S/N/D]ELG[R/K/H] 
motiv. V drugo skupino pa se je uvrstilo 10 peptidov, izoliranih iz cikliĉne knjiţnice, ki so 
vsebovali motiv D[K/R/H]SKP(H). 
 
Rezultati vrednotenja s testom ELISA so nakazovali, da imata identificirana motiva 
kljuĉno vlogo pri vezavi na tarĉna protitelesa. Glede na to da je skupni aminokislinski motiv 
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GPSELG v celoti prisoten v strukturi veĉine izbranih mimotopov, smo ţeleli ugotoviti, kateri 
aminokislinski ostanki znotraj motiva so kljuĉni za vezavo. Zato smo na dveh mimotopih 
(predstavnikih skupnih motivov) izvedli test alaninskega rešetanja (Tretje poglavje). S 
slednjim lahko ocenimo relativno pomembnost posamezne aminokisline v peptidnem motivu 
tako, da naĉrtno zamenjamo vsako aminokislino za alanin, kar lahko spremeni afiniteto 
vezave za veĉ redov velikosti (130). Alaninske razliĉice smo izrazili v obliki fuzij s plašĉnim 
proteinom pIII bakteriofaga M13KBE in ovrednotili njihovo afiniteto glede na izhodišĉne 
peptide v semikvantitativnem testu fagna ELISA. Pri vezavi mimotopa GRMGPSELGPVIG 
na tarĉo je najveĉjo spremembo povzroĉila zamenjava aminokislin E in L v motivu GPSELG. 
Ob odsotnosti E se je vezava izniĉila. Drugo pomembno spoznanje pa je, da se tudi skrajšani 
peptid, ki vsebuje samo minimalni heksamerni skupni motiv GPSELG, ohrani vezavo na 
tarĉo, vendar pa je bila jakost signala pribliţno za polovico manjša od vezave izvornega 
peptida. To pomeni, da tudi aminokisline, ki obdajajo motiv v dodekamernem izvornem 
peptidu, prispevajo k vezavi. Iz cikliĉne knjiţnice smo poleg peptidov z izrazitim motivom 
D[K/R/H]SKP(H) izolirali tudi majhno skupino peptidov, pri katerih so prisotne le nekatere 
aminokisline iz prvega motiva. S testom alaninskega rešetanja smo preveriti, ali je morda pri 
teh peptidih prisoten še en (tretji) motiv, ki ga gradijo aminokisline WDXXGR, za katere smo 
domnevali, da so pomembne za vezavo na tarĉna protitelesa. Izkazalo se je, da je interakcija 
cikliĉnega mimotopa GCWDSLGRAC s tarĉnimi protitelesi verjetno odvisna od 
konformacije, saj je zamenjava katerekoli posamezne aminokisline v peptidu z alaninom 
privedla do izniĉenja vezave. Z doloĉitvijo strukture takšnih konformacijsko omejenih 
peptidov v raztopini lahko dobimo dodatne informacije, pomembne pri racionalnem 
naĉrtovanju hipoalergenih pripravkov (Tretje poglavje). 
 
Aminokislinska zaporedja izselekcioniranih mimotopov smo v nadaljevanju uporabili 
za in silico doloĉitev epitopov. Kartiranje epitopov in silico je bistveno hitrejše in cenejše v 
primerjavi z direktnimi metodami za epitopsko mapiranje, kot so rentgentska kristalografija, 
NMR in ciljana mutageneza. Ĉetudi ne more povsem nadomestiti eksperimentalnih metod 
lahko vsaj zoţi nabor moţnih epitopov. Pri našem našem delu smo kombinirali ti dve metodi 
tako, da smo na podlagi aminokislinskih zaporedij laboratorijsko pridobljenih izoliranih 
mimotopov Api m 1 in z uporabo raĉunalniških orodij za epitopsko mapiranje doloĉili 
epitope, ki jih slednji posnemajo. V prvem koraku smo poravnali aminokislinska zaporedja 
izoliranih peptidov s primarno strukturo alergena (ClustalOmega). Peptidi iz prve skupine, ki 
so vsebovali motiv GP[S/N/D]ELG[R/K/H], so se ujemali z aminokislinskimi ostanki med 
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glicinom na mestu 17 in fenilalaninom na mestu 24 na N-koncu Api m 1. Peptidi iz cikliĉne 
knjiţnice, ki so vsebovali motiv D[K/R/H]SKP(H), so se ujemali z aminokislinskimi ostanki 
med asparaginsko kislino na mestu 119 in histidinom na mestu 124 na C-koncu Api m 1. V 
naslednji stopnji smo s pomoĉjo bioinformatiĉnega orodja za epitopsko mapiranje (Pepitope) 
prilegali peptide na tridimenzionalno strukturo alergena, da bi na alergenu doloĉili lokacije 
epitopov, ki jih posnemajo naši mimotopi. Rezultati prileganja na terciarno strukturo so 
sovpadali s tistimi, ki smo jih dobili pri poravnavi peptidov s primarnim zaporedjem, kar 
potrjuje da prvi epitop Api m 1 sestavlja fragment aminokislinskih ostankov, ki se razteza 
med glicinom na mestu 17 in fenilalaninom na mestu 24, medtem ko je drugi epitop zgrajen iz 
petih aminokislin med asparaginsko kislino na mestu 119 in lizinom na mestu 124. Tako 
mimotopi, v kombinaciji z raĉunalniškimi programi za epitopsko mapiranje, omogoĉajo 
relativno enostavno in zanesljivo doloĉitev epitopov in lokacij na alergenu, ki jih mimotopi 
posnemajo. Doslej smo izvedli presejanja bakteriofagnih knjiţnic na protitelesih, usmerjenih 
proti alergenom Fel d 1, Amb a 1, Ara h 2 in Api m 1, pri ĉemer se je pokazalo, da izolirani 
mimotopi manj potentnih alergenov (Fel d 1 in Amb a 1) (63, 131) ne vsebujejo izrazitega 
skupnega motiva, a posnemajo veĉje število epitopov ali veĉja epitopna podroĉja na alergenu, 
medtem ko so izolirani mimotopi potentnih alergenov (Ara h 2 in Api m 1) (132) vsebovali 
izrazit skupni motiv in posnemali majhno število domnevno imunodominantnih epitopov. 
Definirani epitopi so uporabni v diagnostiki in predstavljajo pomembno orodje pri 
naĉrtovanju novih imunoterapevtikov, saj v primerih znane strukture in lokacije epitopov 
alergenov lahko le-te spremenimo ali odstranimo dele alergena, ki povzroĉajo neţelene 
uĉinke. Tako so ţe ustvarili hipoalergene derivate poglavitnih alergenov arašida Ara h 2 in 
Ara h 6 z bistveno zniţano alergogeno aktivnostjo (133). 
  
Poleg tega lahko uporabimo mimotope kot alternativo alergenom v imunoterapiji, kar 
pomeni, da jih apliciramo v kombinaciji z imunogenim nosilcem s ciljem, da, analogno celim 
alergenom, izzovemo zašĉitni imunski odgovor in vzpostavitev imunske tolerance do 
vzroĉnega alergena (aktivna imunizacija) brez tveganja za nastanek neţelenih uĉinkov (69). 
Da bi bili mimotopi zmoţni spodbuditi zašĉitni imunski odgovor (proizvodnjo blokirajoĉih 
protiteles IgG4) je potrebno ohraniti strukturo, ki so jo imeli med selekcijo glede na to, da 
posnemajo zlasti strukturo epitopov, kot so npr. prostorska porazdelitev naboja in steriĉne 
karakteristike; imajo lahko podobno ali celo drugaĉno primarno zaporedje kot epitopi. Ob 
konjugaciji mimotopov na nosilec lahko pride do izgube uĉinkovitosti zaradi spremembe 
konformacije. S tega vidika so ravno knjiţniĉni bakteriofagi in protein bakteriofagne kapside, 
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na katerih so izraţeni izselekcionirani peptidi, primerni nosilci mimotopov namenjenih za 
aktivno imunizacijo. Drugi pogoj, da bi bili mimotopi uĉinkoviti pri aktivni imunizaciji je, da 
so sposobnosti sproţiti moĉan imunski odziv. Zato jih moramo povezati z ustreznim 
nosilcem, saj sami ne morejo povzroĉiti odziva na alergen na nivoju celic T, glede na to, da ne 
predstavljajo T celiĉnih epitopov. Kot nosilce v cepivih proti alergijskim obolenjem so 
preuĉevali veĉ skupin dostavnih sistemov (96) (Prvo poglavje, 2.del). V študijah na ţivalskih 
modelih se je pokazalo, da alergeni v polimerni obliki (npr. trimer Bet v 1) in epitopi, izraţeni 
v velikem številu kopij na bakterijskem ali virusnem nosilcu spodbudijo moĉnejši in 
uĉinkovitejši protitelesni odziv v primerjavi z njihovimi monomernimi oblikami (134). Tako 
na primer epitopi samosestavljivih VLP, po njihovem pravilnem zvitju, zavzamejo urejeno 
ponavljajoĉo se in tesno razporeditev podobno kot jo najdemo na površini naravnih virusov, 
kar prispeva njihovi intrinziĉni imunogenosti (49). Te lastnosti VLP s pridom izkorišĉajo pri 
pripravi cepiva proti infekcijskim in rakavim obolenjem (135-137). Prav tako se se 
bakteriofagi na ţivalskih modelih izkazali kot moĉno imunogeni in sposobni spodbuditi 
proizvodnjo blokirajoĉih IgG protiteles proti IgE epitopom alergena (138). V predhodnih 
raziskavah so sodelavci pripravili rekombinantne bakteriofage, ki so na glavnem plašĉnem 
proteinu pVIII izraţali visoko število kopij mimotopov glavnega alergena maĉke, Fel d 1 (63). 
V primerjavi z mimotopi, predstavljenimi na majhnem plašĉnem proteinu pIII, so mimotopi, 
izraţeni v veĉjem številu kopij, imeli veĉjo avidnost do IgG iz seruma imunizirane ţivali in 
IgE protiteles iz seruma alergiĉnih pacientov. Kljub temu moramo biti pri cepivih proti 
alergijskim boleznim previdni, da imunizacija s takšnimi konstrukti ne privede do alergijske 
reakcije, saj lahko polivalentni mimotopi na nosilcu potencialno prekriţajo IgE na efektorskih 
celicah in sproţijo njihovo degranulacijo. Poleg tega je uporaba rekombinantnih 
bakteriofagov v kliniĉni praksi omejena zaradi regulatornih zahtev. Druga prepreka pri 
uporabi fagov v kliniĉni praksi je dejstvo, da jih celice retikulo-endotelnega sistema hitro 
odstranijo iz krvnega obtoka. Na podlagi prejšnjih izkušenj in temeljitega pregleda literature 
(Prvo poglavje, 2.del) smo v nadaljnem delu kot samostojni imunogeni nosilec izbrali zgolj 
majhni plašĉni protein pIII iz bakteriofaga M13.  
 
Za vrednotenje imunoterapevtskega potenciala smo izbrali štiri mimotope, po dva 
predstavnika vsakega definiranega epitopa (linearni dodekamer SPPNALGRFLPD, linearni 
heptamer LMGPSEL in dva cikliĉna heptamera CWTDLGRKC in CVDKSKPHC). Na 
osnovi aminokislinskih zaporedij izbranih peptidov, izraţenih na bakteriofagnih klonih, smo 
pripravili sintezne peptide. Fuzije izbranih mimotopov in nosilca pIII smo izolirali iz 
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periplazemskega prostora E. coli z metodo osmotskega šoka in jih nato ovrednotili z in vitro 
testi. Ker smo kot tarĉo za izolacijo peptidov uporabili imunoglobuline razreda G, smo 
preverili vezavo izbranih mimotopov Api m 1 na IgE iz serumov pacientov, da bi ugotovili, 
ali posnemajo tudi epitope IgE protiteles. S podobnim pristopom so uspešno izolirali 
mimotope poglavitnih alergenov pri alergiji za maĉke in hišno pršico (63, 66). Ĉeprav 
obstajajo podatki, ki kaţejo, da IgG in IgE epitopi sovpadajo (139), se lahko pri nekaterih 
alergenih razlikujejo (68, 140). Ravno zato je v primeru, ko pri selekciji peptidnih mimetikov 
epitopov alergenov kot tarĉo uporabljamo protitelesa IgG, potrebno potrditi, da identificirani 
mimotopi posnemajo tudi epitope protiteles IgE iz seruma bolnikov. Iz rezultatov je razvidno, 
da so se IgE iz vseh testiranih serumov 12 pacientov, alergiĉnih za strup ĉebele, vezali na štiri 
izbrane mimotope, pritrjene na nosilec pIII. Pri kontrolnih peptidih (pridobljenih v selekcijah 
na drugih tarĉah), ki so bili prav tako pritrjeni na nosilec pIII, nismo zaznali signala, kar 
pomeni, da so se IgE protitelesa vezala na mimotope in ne na nosilec. Ker so mimotopi 
intereagirali tako z IgE protitelesi testiranih pacientov kot tudi s tarĉnimi IgG, sklepamo, da 
so identificirani epitopi relevantni za oba izotipa protiteles. Kljub temu ne moremo izkljuĉiti 
moţnosti, da Api m 1 vsebuje dodatne IgE epitope.  
 
Alergogeni potencial mimotopov smo ocenili v testu BAT, ki nam omogoĉa merjenje 
biološke oz. alergogene aktivnosti alergenov in njihovih derivatov. Ĉebelji strup in Api m 1 
smo uporabili kot pozitivno kontrolo. Vezava alergena na IgE povzroĉi premreţenje 
receptorjev FcεRI na površini bazofilcev in poslediĉno njihovo aktivacijo ter spremenjeno 
izraţanje številnih površinskih proteinov, kot so CD45, CD63, CD69 in CD203c (141). 
Spremljali smo izraţanje površinskega oznaĉevalca CD63, ki se je izkazal kot najboljši 
napovedovalec procesa anafilaktiĉne degranulacije. Pri neaktiviranih bazofilcih je CD63 
izraţen znotrajceliĉno na membrani granul, ki vsebujejo histamin, medtem ko se pri celiĉni 
aktivaciji granule z eksocitozo zlijejo s plazemsko membrano, kar omogoĉi sledenje 
njegovega izraţanja na zunajceliĉni membrani bazofilcev s pomoĉjo pretoĉnega citometra. Po 
aktivaciji bazofilcev s sinteznimi mimotopi in mimotopi, vezanimi na nosilni protein pIII smo 
merili izraţanje CD63. Ugotovili smo, da mimotopi, vezani na nosilec pIII, niso aktivirali 
bazofilcev alergiĉnih pacientov v nasprotju s ĉebeljim strupom in Api m 1. To se sklada s 
priĉakovanji, saj kratki peptidi nimajo vezavnih mest, potrebnih za premreţenje IgE. Ravno 
tako prosti sintezni mimotopi niso poveĉali izraţanja CD63, na podlagi ĉesar sklepamo, da 
mimotopi ne aktivirajo bazofilcev preko drugih od IgE neodvisnih mehanizmov. 
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Vpliv  mimotopov na T celiĉni imunski odziv smo ovrednotili z doloĉanjem citokinov v 
kulturah mononuklearnih celic, pridobljenih iz periferne krvi alergiĉnih bolnikov. Citokini 
imajo kljuĉno vlogo pri alergijskem odzivu, saj uravnavajo razmnoţevanje, diferencijacijo ter 
preţivetje imunskih celic, zlasti makrofagov in limfocitov. Funkcija limfocitov T je moĉno 
odvisna od citokinov, ki so prisotni v okolju; obenem aktivirane celice T tudi same izloĉajo 
številne citokine, ki doloĉajo oz. ustvarjajo vrsto imunskega odziva. Pri alergijskem odzivu se 
aktivirajo efektorske celice tipa Th2, ki izloĉajo citokine IL-4, IL-5 in IL-13. Po uspešni 
imunoterapiji se zgodi premik iz Th2- v Th1-celiĉni odziv, za katerega sta znaĉilna citokina 
IFN-γ in IL-2. V kulturah mononuklearnih celic iz periferne krvi (PMBC) pacientov, 
alergiĉnih za strup ĉebele, smo ugotavljali ali mimotopi in mimotopi pritrjeni na nosilec pIII, 
povzroĉijo premik citokinskega profila v smer Th1 celiĉnega imunskega odziva. PBMC iz 
krvi smo stimulirali s prostimi sinteznimi mimotopi, mimotopi vezanimi na nosilni protein 
pIII in alergenom (pozitivna kontrola) ter po doloĉenem ĉasu v supernatantu celiĉnih kultur 
izmerili koncentracijo štirih citokinov (IFN-γ, IL-2, IL-5, IL-13). V celiĉnih kulturah, 
stimuliranih s fuzijami mimotopov, in nosilca pIII smo izmerili nizke koncentracije IL-2, IL-5 
in IL-13 ter povišane koliĉine IFN-γ. V primerjavi s ĉebeljim strupom in naravnim alergenom, 
ki sta stimulirala preteţno citokine Th2-odziva, so mimotopi, vezani na pIII, sproţili izloĉanje 
citokina IFN-γ, ki je znaĉilen za Th1-celiĉni odziv, kar nakazuje obrat imunskega odziva s 
Th2 na Th1 (Drugo poglavje).  
 
Poleg uporabe za aktivno imunizacijo smo v okviru doktorskega dela preiskusili 
mimotope tudi kot peptidne inhibitorje aktivacije bazofilcev, kar bi lahko bil nov pristop pri 
terapiji alergijskih bolezni. V neodvisnem testu BAT smo testirali, ali mimotopi z blokado 
IgE na površini bazofilcev lahko prepreĉijo aktivacijo, ki jo sproţi alergen. Vzorce krvi 
alergiĉnih pacientov smo inkubirali z alergenom, ki smo mu dodali zmes štirih sinteznih 
mimotopov ter preko izraţanja površinskega oznaĉevalca CD63 spremljali aktivacijo in jo 
primerjali z aktivacijo, ki jo sproţi sam alergen. Preliminarni rezultati kaţejo, da ni prišlo do 
razlik med aktivacijo bazofilcev, ki jo povzroĉi Api m 1, in aktivacijo, ki jo je povzroĉil Api 
m 1 v prisotnosti mimotopov. Moţen razlog za neuspešno inhibicijo je izpodrivanje 
mimotopov z IgE s strani Api m 1 zaradi njihove nizke afinitete do IgE pri testiranih 
pacientih. Rezultati kompeticije med Api m 1 in peptidi, izraţenimi na fagu, v testu ELISA 
nakazujejo, da je vezava mimotopov na IgG šibka, saj je Api m 1 ţe pri koncentraciji 1 µg/ml 
izpodrinil veĉinov klonov s tarĉnih protiteles. Afiniteto vezave mimotopov na IgE iz seruma 
pacientov je potrebno doloĉiti v prihodnjih testih. Izpodrivanje mimotopov z IgE bi lahko bilo 
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tudi posledica visoke afinitete vezave Api m 1 na IgE, za katero v znanstveni literaturi 
trenutno ni podatka. Na reakcijski prag mastocitov in bazofilcev vpliva poleg vezavne 
afinitete tudi gostota epitopov na alergenu in celokupna sestava alergenskih komponent v viru 
alergenov, ki v serumu posameznikov spodbudijo proizvodnjo IgE z raznovrstno 
specifiĉnostjo, zato razliĉni alergeni sproţajo degranulacijo z razliĉno intenziteto (142). V 
primerjavi s testi za doloĉevanje sIgE so pri testu BAT funkcionalna le visoko afinitetna 
protitelesa IgE, ki so potrebna za aktivacijo bazofilcev, medtem ko bazofilce ne aktivirajo 
kliniĉno nepomembni sIgE proti ogljikohidratnim epitopom (111, 143). V inhibicijskem tesu 
ELISA smo oceniti vpliv IgG na interakcijo med IgE in Api m 1. Ob dodatku zajĉjega IgG 
anti-Api m 1 antiseruma je prišlo do inhibicije vezave IgE na Api m 1 pri pacientu 1, ki ima 
višjo koncentracijo za strup specifiĉnih IgE v serumu, medtem ko je dodatek IgG protiteles 
moĉno okrepil vezavo IgE na Api m1 pri pacientu 2, ki ima manjšo koliĉino za strup 
specifiĉnih IgE v serumu in pacientu 3, ki ima zelo nizko koncentracijo za strup specifiĉnih 
IgE v serumu. Ti rezultati kaţejo, da IgG lahko pripomorejo k okrepitvi interakcije med IgE 
in Api m 1 najverjetneje tako, da izpostavi epitope Api m 1 za vezavo na IgE (Tretje 
poglavje).  
 
V drugem sklopu doktorskega dela smo preverili uporabnost afinitetne selekcije 
mimotopov iz peptidnih bakteriofagnih knjiţnic kot orodja za identifikacijo epitopov na 
alergenih, katerih kristalne strukture ne poznamo. V našem primeru je to glavni alergen 
ambrozije, Amb a 1. Kljub temu, da kristalna struktura Amb a 1 ni znana, smo ţeleli 
ugotoviti, ali lahko, na podlagi aminokislinskih zaporedij izoliranih mimotopov, 
identificiramo epitope Amb a 1, ĉe za prileganje mimotopov uporabimo homologni model 
tridimenzionalne strukture, ki smo ga izdelali s pomoĉjo programa za molekulsko 
modeliranje. V ta namen smo izvedli presejanje peptidnih bakteriofagnih knjiţnic na 
protitelesih proti glavnem alergenu ambrozije Amb a 1. S ciljem poveĉanja verjetnosti 
uspešnega izida selekcije smo pred afinitetno selekcijo poliklonska IgG protitelesa iz seruma 
imunizirane ţivali afinitetno preĉistili z naravnim Amb a 1. Selekcija je prinesla 6 peptidov 
(RVVELMDWTVLH, GSAMTWGMLAAE, SYNIIATGIHPV, TMVATGLMPVLI, 
QDFDDIL, and CLFSQGNRC), ki so se specifiĉno vezali na tarĉna protitelesa in na IgE iz 
zmesi serumov pacientov alergiĉnih za ambrozijo. Peptida GSAMTWGMLAAE in 
CLFSQGNRC sta uĉinkovito tekmovala z Amb a 1 za vezavo na paratope tarĉnih protiteles. 
Izbrani peptidi so se le šibko ujemali s primarnim zaporedjem Amb a 1, kar je nakazovalo, da 
verjetno posnemajo konformacijske epitope. Za kartiranje konformacijskih epitopov smo z 
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raĉunalniškim programom za molekulsko modeliranje Phyre
2
 izdelali homologni model 
tridimenzionalne strukture Amb a 1, na katerega smo prilegali izbrane peptide. Po prileganju 
smo z orodjem EpiSearch odkrili moţne epitope na površini molekule okoli aminokislinskih 
ostankov K104, S110, H214 in W312. Tako se tehnika bakteriofagnega prikaza kaţe kot 
uĉinkovita alternativa direktnim metodam za kartiranje epitopov kot so rentgenska 
kristalografija kompleksa antigen-protitelo, jedrska magnetna resonanca, s protitelesi 
inhibirana zamenjava vodika z devterijem v alergenu, ki ji sledi masna spektrometrija, ciljana 
mutageneza alergena, ki ji sledi testiranje vezave med alergenom in protitelesom, ipn. In 
silico kartiranje je še posebej koristno pri konformacijskih epitopih, pri katerih metode za 
napovedovanje linearnih epitopov kot je preuĉevanje IgE reaktivnosti manjših fragmentov 
alergena (ang. peptide scanning) odpovedo. Konformacijski epitopi so odgovorni za IgE 
reaktivnost mnogih inhalacijskih alergenov (32). Amb a 1 pogosto navzkriţno reagira z 
alergeni trav, zato bi lahko izolirani mimotopi, poleg epitopov ambrozije, posnemali tudi 
epitope širše skupine alergenov, ki so navzkriţno reaktivni z ambrozijo. S tovrstnim 
pristopom so Lukschal in sodelavci izolirali mimotop Bet v 1, ki je v miših spodbudil 
proizvodnjo protiteles, katera prepoznajo tudi druge navzkriţno reaktivne alergene, udeleţene 
pri oralnem alergijskem sindromu (81). Identifikacija epitopov navzkriţno reaktivnih 
alergenov prispeva k prepoznavanju njihovih skupnih strukturnih znaĉilnosti in prinaša 
vpogled v osnovni mehanizem navzkriţne reaktivnosti. Glede na to, da je vezava alergenov na 
IgE odvisna predvsem od strukture njihovih vezavnih mest (epitopov), se epitopi, zlasti 
njihova struktura, ohranjajo skozi evolucijo. Posledica te ohranjenosti pa je, da so si epitopi v 
proteinih, ki opravljajo sorodne biokemijske funkcije podobni (144). Dokazano je, da 
navzkriţne alergije nastanejo zaradi navzoĉnosti skupnega epitopa v navzkriţno reaktivnih 
alergenih (80, 145). Vendar kljub temu, da število rešenih kristalnih struktur alergenov v 
podatkovnih bazah hitro narašĉa, ostaja še veliko neznank o podobnostih vezavnih mest na 
alergenih (71). Cilj epitopskega mapiranja je odkriti strukturo, lokacijo, porazdelitev epitopov 
na alergenu in njihov vpliv na alergensko aktivnost kliniĉno relevantnih alergenov, kar bo v 
konĉni fazi uporabno pri diagnostiki, prognozi in terapiji alergijskih bolezni. Tako so 
ugotovili, da so epitopi pri nekaterih inhalacijskih alergenih (tj. Bet v 1, Bet v 2, Phl p 1, Phl p 
2, Phl p 5) zdruţeni na enem delu molekule, pri drugih (tj. Alt v 1) so enakomerno 
porazdeljeni po površini (87, 146, 147). Odkrivanje podobnosti med vezavnimi mesti 
biološko aktivnih molekul se v zadnjem ĉasu vse bolj uveljavlja kot uporabno orodje pri 
razvoju zdravil. Tako so pred kratkim s primerjavo vezavnih mest proteinov udeleţenih pri 
nastanku raka in proteinov, ki omogoĉajo razvoj bakterijske celiĉne stene, ugotovili, da so si 
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le-ta podobna in dokazali, da nekateri inhibitorji, ki se uporabljajo pri zdravljenju raka, 
izkazujejo tudi protibakterijsko delovanje in bi se lahko uporabili za obvladovanje rezistence 
na antibiotike (148, 149) (Četrto poglavje). 
 
V zadnjem delu smo razvijali multipleksni pristop za in vitro celiĉni test aktivacije 
bazofilcev (mulipleks BAT), ki predstavlja uporabno orodje za detekcijo kliniĉno pomembne 
senzibilizacije pri preobĉutljivostnih reakcijah tipa I (zgodnji tip preobĉutljivosti pogojen z 
IgE protitelesi), vkljuĉno z alergijo za strupe koţekrilcev. V sodobni alergološki diagnostiki 
se uporablja stopenjski pristop, pri katerem se kombinirajo standardne diagnostiĉne metode 
(koţni testi in doloĉitev sIgE proti strupom) z doloĉanjem sIgE proti rekombinantnim 
alergenom in testom BAT. BAT pride v poštev v primerih, ko ni druge moţnosti za potrditev 
IgE senzibilizacije, ob neskladju med anamnezo, koţnimi testi in doloĉitvami sIgE ali v 
primeru poveĉanega tveganja za sistemske reakcije pri testiranjih in vivo. Zadnje raziskave 
nakazujejo moţno uporabo testa BAT pri razmejitvi med kliniĉno pomembno in nepomembno 
senzibilizacijo (112). Še posebej pa je koristen v primerih, kadar z drugimi diagnostiĉnimi 
postopki ni moţno doloĉiti, s katerim strupom se bo izvajala imunoterapija (111). Trenutno je 
v testu BAT moţno analizirati razliĉne alergene zgolj vsakega posebej, kar je drago in 
ĉasovno potratno. Poleg tega je potrebna veĉja koliĉina sveţih krvnih vzorcih. Zato smo v 
okviru doktorata ţeleli razviti metodo, ki bo omogoĉala hkratno stimulacijo in analizo 
aktivacije bazofilcev z razliĉnimi alergeni v manjšem številu testnih vzorcev. V ta namen smo 
vezali dva glavna alergena ĉebeljega strupa Api m 1 in Api m 2 na nanokristale Qdot razliĉnih 
velikosti, ki po ekscitaciji oddajajo fluorescenĉno svetlobo razliĉne valovne dolţine oziroma 
barve. Valovna dolţina oddane fluorescence je odvisna od velikosti nanokristala Qdot kar 
nam omogoĉa, da z izbiro subpopulacije celic (ang. gating), ki so oznaĉene z nanokristali 
Qdot posamezne barve, doloĉimo deleţ aktiviranih bazofilcev, ki ga je povzroĉil posamezen 
alergen. Uporabili smo nanokristale dve vrsti nanokristalov Qdot, in sicer karboksil-Qdot, pri 
katerih vezava na alergen poteka preko karboksilne skupine in amino-Qdot, pri katerih vezava 
poteka preko aminske skupine. Površina nanokristalov amino-Qdot je prevleĉena s plastjo 
polimera polietilenglikola (PEG). PEG verige delujejo kot distanĉniki, ki oddaljijo alergen od 
površine nanokristala in poslediĉno zmanjšajo steriĉne vplive, medtem ko nanokristali 
karboksil-Qdot ne vsebujejo PEG molekul in se nanj tarĉni proteini veţejo direktno. S 
pomoĉjo testa toĉkovnega nanosa (ang. dot blot) smo potrdili, da oznaĉevanje alergenov, Api 
m 1 in Api m 2, tako z nanokristali karboksil- kot tudi z amino-(PEG)-Qdot ni vplivalo na 
njihovo IgE reaktivnost. Nasprotno pa so sposobnost prekriţanja IgE ohranili samo alergeni, 
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oznaĉeni z nanokristali amino-(PEG)-Qdot. K temu je najbrţ prispevala funkcionalizacija 
nanokristalov z verigami PEG polimera, ki pri konjugaciji oddaljijo molekulo alergena od 
površine nanokristala in tako zmanjšajo nespecifiĉne vezave ter izpostavijo alergen za vezavo 
IgE. Alergena, oznaĉena z nanokristali amino-(PEG)-Qdot, smo nato uporabili v multipleks 
testu BAT in rezultat obiĉajne BAT analize primerjali z rezultatom multipleks testa BAT. 
Skladen rezultat smo ugotovili pri 15 vzorcih (do neujemanja je prišlo pri 2 vzorcih). Krivulje 
odziva na alergen so bile primerljive z uveljavljeno metodo BAT, kar kaţe, da so alergeni, 
fluorescenĉno oznaĉeni z nanokristali amino-(PEG)-Qdot, primerni za soĉasno analizo veĉ 
alergenov v testu BAT. Izvedba testa na enem vzorcu krvi zmanjša stroške dela in reagentov 
ter koliĉino potrebne krvi. Pridobivanje in analiza podatkov je hitrejša, saj postopek zajema 
manj poskusov in analiznih korakov. Obenem pa spremljanje veĉ parametrov hkrati ponuja 
moţnosti za celovitejšo analizo na podroĉju raziskav, diferencialne diagnostike in spremljanja 
terapevtskih izidov (Peto poglavje). 
 




Zadnja leta so prinesla napredek v diagnostiki alergije za strup ĉebele. Hkrati se je pojavila 
oziroma nadgradila vrsta strategij in tehnologij, s pomoĉjo katerih poskušamo izboljšati 
varnost in uĉinkovitost terapije ter skrajšati njeno trajanje. Razvoj novih pristopov za 
imunoterapijo alergijskih bolezni temelji na vse boljšem poznavanju molekularnih 
mehanizmov alergijskega odziva; naĉrtovanje in proizvodnja cepiv se opirata na metode 
genskega inţeniringa in molekularne biologije. Z uporabo tehnik rekombinantne DNA so 
raziskovalci proizvedli zajetno število rekombinantnih alergenov in njihovih hipoalergenih 
derivatov. V dosedanjem razvoju so raziskovalci naĉrtovali in preizkušali razliĉne uĉinkovine, 
kot alternativo alergenskim ekstraktom, vsem pa je bil skupni prvotni cilj – to je ĉim veĉja 
varnost terapevtskega pripravka, kar je še posebej pomembno pri ţivljenje ogroţajoĉih 
alergijah, kot je alergija po piku ĉebele. Mimotopi, kratki peptidi, ki posnemajo fizikalno 
kemijske karakteristike epitopov alergenov, predstavljajo zelo obetavne potencialne 
imunoterapevtike. Zaradi svoje majhnosti niso zmoţni navzkriţno povezati sosednjih IgE in 
aktivirati sprošĉanja mediatorjev iz bazofilcev in mastocitov. Z vezavo na primeren nosilec 
imajo mimotopi potencial za sproţitev imunske tolerance na naravni alergen. Poleg uporabe v 
terapevtske namene predstavljajo mimotopi zelo koristno orodje pri preuĉevanju strukturnih 
lastnosti alergenov in mest njihove interakcije z IgE (epitopov). 
V doktorskem delu smo z rešetanjem bakteriofagnih knjiţnic poiskali peptidne 
mimotope glavnega alergena ĉebeljega strupa, Api m 1, in ovrednotili njihov potencial za 
uporabo v imunoterapiji. Pridobili smo kolekcijo 36 razliĉnih bakteriofagnih klonov, ki se 
specifiĉno veţejo na tarĉna protitelesa usmerjena proti Api m 1 z visoko avidnostjo in 
prepoznajo iste paratope kot Api m 1. Med izoliranimi bakterifagnimi kloni smo s primerjavo 
aminokislinskih zaporedij peptidov, izraţenih na njihovi površini, odkrili znaĉilna motiva 
GP[S/N/D]ELG[R/K/H] in D[K/R/H]SKP(H). Z raĉunalniškim prileganjem mimotopov na 
primarno in terciarno strukturo Api m 1 smo doloĉili epitop med Gly17 in Phe24 ter epitop 
med Asp119 in Lys124, ki gradita na površini izpostavljani zanki na N- in C-koncu Api m 1. 
Tako smo potrdili prvo hipotezo doktorskega dela (str. 95, slika 1), saj smo iz bakteriofagnih 
knjiţnic z izvedenimi selekcijami na protitelesih proti glavnemu alergenu ĉebele Api m 1 
uspešno izolirali mimotope ter na podlagi njihovih aminokislinskih zaporedij identificirali 
epitope Api m 1. V znanstveni literaturi je to prvi opis IgE vezavnih epitopov alergena Api m 
1. Do sedaj smo poznali T-celiĉne epitope Api m 1, ki so se sicer v zgodnjih kliniĉnih študijah 
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izkazali kot varni, a so povzroĉili tudi neţelene uĉinke v obliki poznih vnetnih reakcij, 
najverjetneje zaradi nespecifiĉne aktivacije T-celic. Zato nova cepiva na osnovi B-celiĉnih 
epitopov ali njihovih mimotopov ponujajo moţnost terapije brez tveganja za neţelene uĉinke, 
posredovane s T-celicami. Za namen aktivne imunizacije smo kot prvi uporabili in ovrednotili 
majhni plašĉni protein pIII iz bakteriofaga kot nosilec mimotopov. S testom toĉkovnega 
nanosa smo pokazali, da se mimotopi Api m 1 veţejo na IgE iz serumov pacientov, alergiĉnih 
za ĉebelo, reaktivnih na Api m 1, s ĉimer smo potrdili tudi drugo hipotezo (str. 95, slika 1), da 
izbrani peptidi ohranijo sposobnost vezave protiteles IgE iz serumov alergiĉnih pacientov. V 
tretji hipotezi smo predpostavili, da mimotopi ne bodo aktivirali bazofilcev, saj zaradi majhne 
dolţine nimajo vezavnih mest za prekriţanje sosednjih IgE na površju bazofilcev. Dodatno 
smo v tretji hipotezi predpostavili, da bodo izbrani sintezni mimotopi zmoţni prepreĉiti 
degranulacijo bazofilcev, ki jo je povzroĉil Api m 1. Rezultati testa aktivacije bazofilcev 
kaţejo, da tako prosti sintezni mimotopi kot tudi mimotopi, vezani na nosilec pIII, ne 
aktivirajo bazofilcev, torej niso alergogeni (str. 106, slika E2 A in str. 97, slika 2 C), s ĉimer 
smo potrdili prvi del tretje hipoteze doktorske disertacije. Drugi del tretje hipoteze smo 
zavrnili, saj v testu aktivacije bazofilcev nismo zaznali inhibicije degranulacije bazofilcev s 
strani mimotopov (str. 119, slika 2). Po stimulaciji mononuklearnih celic v kulturi iz periferne 
krvi (PBMC) alergiĉnih bolnikov so mimotopi, vezani na proteinski nosilec pIII, spodbudili 
poveĉano izloĉanje IFN-γ, znaĉilnega za Th1 celiĉni odziv v primerjavi z Api m 1 in ĉebeljim 
strupom, ki sta sproţila proizvodnjo citokinov Th2 (str. 97, slika 2 D,E). Vpliv prostih 
sinteznih mimotopov na proizvodnjo citokinov je bil zanemarljiv (str. 106, slika E2 B), kar 
nakazuje, da je proteinski nosilec pripomogel k usmeritvi v T-celiĉni odziv tipa 1. S tem smo 
potrdili ĉetrto hipotezo, v kateri smo predpostavili, da bodo analogi mimotopov Api m 1, 
vezani na proteinski nosilec, zmoţni sproţiti izloĉanje citokinov, ki so znaĉilni za Th1 celiĉni 
odziv. Mimotopi se tako kaţejo kot smiseln razvojni pristop v imunoterapiji alergij. Z 
nadaljnjimi poskusi je potrebno na celiĉnem modelu pokazati še, da mimotopi poveĉajo 
izloĉanje imunosupresivnega citokina IL-10, ki pomembno prispeva k indukciji imunske 
tolerance pri imunoterapiji. Nadalje pa bi bilo smiselno še na in vivo modelu (poskusne ţivali) 
pokazati, da mimotopi, vezani na nosilec, stimulirajo produkcijo blokirajoĉih protiteles IgG. 
Mimotope smo uspešno uporabili tudi za doloĉanje epitopov poglavitnega alergena ambrozije, 
Amb a 1, katerega tridimenzionalna struktura ni znana. Pri tem smo s pomoĉjo programov za 
molekulsko modeliranje in mimotopov, ki smo jih izolirali iz peptidnih bakteriofagnih 
knjiţnic, uspeli opredeliti epitope preiskovanega alergena (str. 138, slika 4).  
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V zadnjem delu doktorskega dela smo dokazali, da alergeni fluorescenĉno oznaĉeni z 
nanokristali Qdot omogoĉajo soĉasno stimulacijo in analizo veĉ alergenov v testu BAT (str. 
150, slika 2). Kot prvi smo objavili ta koncept, ki odpira nove diagnostiĉne in raziskovalne 
moţnosti. 
 
Poleg mimotopov smo v okviru doktorske disertacije v obliki preglednega ĉlanka 
predstavili tudi ostale nove pristope k specifiĉni imunoterapiji alergije za ĉebelji strup, med 
katere uvršĉamo hipoalergene derivate alergenov, adjuvantno terapijo in alternativne dostavne 
poti. Ĉlanek osvetli prednosti kot tudi slabosti novih metod in prinaša vpogled v njihov 
mehanizem delovanja ter predstavlja dragocen prispevek k naĉrtovanju bodoĉih raziskav. K 
razvoju podroĉja naĉrtovanja dostavnih sistemov za cepiva bo prispeval tudi izĉrpen pregled 
mikrobnih nosilcev za alergene in peptidne fragmente alergenov, ki smo ga pripravili na 
podlagi analize obstojeĉe znanstvene literature in do sedaj pridobljenih rezultatov naše 
raziskovalne skupine. Tako smo z izvedenimi raziskavami v okviru doktorskega dela z 
izvirnim pristopom uspeli pridobiti mimotope alergena Api m 1, s pomoĉjo katerih smo 
uspešno identificirati epitope glavnega alergena Api m 1 pri alergiji po piku ĉebele. Potrdili 
smo, da mimetiki definiranih epitopov ohranijo afiniteto do IgE iz serumov alergiĉnih 
pacientov, vendar ne aktivirajo bazofilcev, kar pomeni da niso alergogeni. Mimotopi zdruţeni 
s proteinskim fagnim nosilcem pIII so bili zmoţni spodbuditi T celiĉni imunski odziv 
usmerjen v tip 1. Izsledki raziskave tako kaţejo moţno uporabo mimotopov Api m 1 kot 
primernih kandidatov za razvoj varnejših pripravkov za imunoterapijo alergije po piku ĉebele. 
V doktorskem delu smo tehnologijo afinitetne selekcije uspešno uporabili tudi za doloĉanje 
epitopov alergena pri katerega tridimenzionalna struktura ni znana. Dodatno smo tudi razvijali 
diagnostiĉno metodo, ki omogoĉa soĉasno analizo veĉ alergenov v testu BAT s pomoĉjo 
fluorescenĉno oznaĉenih alergenov. To delo je prispevek na podroĉju razvoja imunoterapije 
na osnovi mimotopov, naĉrtovanja njihovih dostavnih sistemov za alergene in alergenske 
peptide, doloĉanja B-celiĉnih epitopov alergenov in izboljšanja diagnostiĉnih metod za 








Recent years have brought advances in the diagnosis of bee venom allergy. At the same time, 
a number of strategies and technologies have emerged or upgraded to help improve the safety 
and effectiveness of therapy and shorten its duration. The development of new approaches to 
immunotherapy for allergic diseases is based on an increasing understanding of the molecular 
mechanisms of the allergic response; vaccine design and production rely on methods of 
genetic engineering and molecular biology. A considerable number of recombinant allergens 
and their hypoallergenic derivatives were produced by means of recombinant DNA 
techniques. Until today, researchers have designed and tested various therapeutics as an 
alternative to allergenic extracts, the main goal was to maximize the safety of the therapeutic 
preparation, which is especially important in life-threatening allergies such as bee sting 
allergy. Mimotopes, short peptides that mimic the physicochemical characteristics of allergen 
epitopes, represent promising immunotherapeutics with great potential. Due to their small 
size, they are not capable of cross-linking IgE and activating the release of mediators from 
basophils and mast cells. By binding them to a suitable carrier, mimotopes have the potential 
to trigger immune tolerance to the natural allergen. In addition to therapeutic use, mimotopes 
are a very useful tool in studying the structural properties of allergens and their sites of 
interaction with IgE antibodies (epitopes). 
 
Within doctoral thesis, we obtained the peptide mimotopes of the major allergen of 
bee venom, Api m 1, by screening bacteriophage libraries and further on their potential for 
use in immunotherapy was evaluated. We obtained 46 different bacteriophage clones that 
specifically bind to target antibodies directed against Api m 1 with high avidity and binding 
ability to the same paratopes as Api m 1. By comparing the amino acid sequences of the 
peptides expressed on the surface of isolated clones we detected two common motifs 
GP[S/N/D]ELG[R/K/H] and D[K/R/H]SKP(H). Mapping of the mimotopes to the primary 
and tertiary structures of Api m 1 revealed the epitope between Gly17 and Phe24 and the 
epitope between Asp119 and Lys124 found on the surface exposed loops at the N terminus at 
the C terminus of Api m 1. These results confirmed the first hypothesis of the doctoral 
dissertation (p. 95, Fig. 1). as we have successfully isolated mimotopes of the major bee 
venom allergen Api m 1 through affinity selections of bacteriophage libraries using antibodies 
against Api m 1 and identified Api m 1 epitopes based on their amino acid sequences. This is 
the first description of IgE binding epitopes of Api m 1 allergen in the scientific literature. 
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The T cell epitopes of Api m 1 have been tested and have been proved to be safe in early 
clinical studies, however they also caused adverse effects in the form of late inflammatory 
reactions, most likely due to nonspecific T cell activation. Therefore, new vaccines based on 
B cell epitopes or their mimotopes offer the possibility of therapy without the risk of T cell-
mediated side effects. For the purpose of active immunization, small coat protein pIII from 
bacteriophage was used and evaluated for the first time. We demonstrated that Api m 1 
mimotopes bound to specific IgE antibodies from bee-allergic patient sera in a dot blot assay, 
thus confirming the second hypothesis that the selected peptides will retain the ability to bind 
to IgE antibodies from the sera of allergic patients (p. 95, Fig. 1). In the third hypothesis, we 
assumed that mimotopes would not activate basophils, as they are unable to cross IgE on the 
surface of basophils due to their small length and that the selected synthetic peptide 
mimotopes will be able to prevent allergen-induced basophil degranulation. The basophil 
activation test showed that both synthetic peptide mimotopes and mimotopes bound to the pIII 
carrier do not activate the basophils, therefore they are not allergenic (p. 97, Fig. 2 C and p. 
106, Fig. E2 A), thus confirming the first part of the third hypothesis of the doctoral 
dissertation. However, we rejected the second part of the third hypothesis, since in the 
basophil activation test, peptide mimetics failed to prevent allergen-induced basophil 
degranulation (p. 119, Fig. 2). Following stimulation of peripheral blood (PBMC) 
mononuclear cells isolated from allergic patients, Api m 1 mimotopes fused to the pIII carrier 
protein were able to stimulate increased IFN-γ secretion, which is characteristic of Th1 cell 
response, whereas Api m 1 and bee venom triggered the production of Th2 cytokines (p. 97, 
Fig. 2 D,E). The influence of free synthetic mimotopes on cytokine production was negligible, 
suggesting that the carrier protein directed the T cell response into type 1, resulting in 
increased IFN-γ production (p. 106, Fig. E2 B). This confirmed the fourth hypothesis that Api 
m 1 pIII-fused mimotopes are capable of triggering cytokine secretion, which is characteristic 
of the Th1 response. 
 
Mimotopes proved to be a promising approach in allergy immunotherapy. With further 
experiments, it is necessary to show on the cell model that mimotopes increase the secretion 
of the immunosuppressive cytokine IL-10, that was found to be a significant contributor to the 
induction of immune tolerance during immunotherapy. Furthermore, it should be tested if 
carrier-bound mimotopes stimulate the production of IgG blocking antibodies in an in vivo 
model (experimental animals). Mimotopes have also been successfully used to identify the 
epitopes of the major ragweed allergen, Amb a 1, whose three-dimensional structure is 
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unknown. By using molecular modeling programs and mimotopes isolated from peptide 
bacteriophage libraries, we were able to identify the epitopes of the tested allergen (p. 138, 
Fig. 4).  
In the last part of the doctoral thesis, we demonstrated that fluorescently labeled Qdot 
nanocrystals allow simultaneous stimulation and analysis of several allergens in a BAT test 
(p. 150, Fig. 2). We are the first to publish this concept, which opens up new diagnostic and 
research options. 
 
In addition to mimotopes we also reviewed other new approaches to specific 
immunotherapy for bee venom allergy including hypoallergenic allergen derivatives, adjuvant 
therapy and alternative delivery routes and analyzed the information in a review article. The 
article sheds light on the advantages and disadvantages of these new methods and provides 
insights into their mechanism of action, thus making a valuable imput to the design of future 
research. Based on the analysis of the existing scientific literature and the results obtained by 
our research team thus far, we also published a comprehensive review of the microbial 
carriers for allergens and peptide fragments of allergens that will also contribute to the 
development of vaccine delivery systems.  
 
In conclusion, within doctoral research, we obtained mimotopes of the Api m 1 and 
successfully identified epitopes of the major bee venom allergen Api m 1. We confirmed that 
mimetics of defined epitopes retain affinity for IgE from sera of allergic patients, but did not 
activate the basophils, which means they are not allergenic. Mimotopes coupled to the pIII 
protein phage carrier were able to induce a type 1 T cell immune response. The results of the 
study thus indicate the possible use of Api m 1 mimotopes as candidates for the development 
of safer therapeutic preparations for bee venom allergy. The doctoral thesis also presents the 
use of affinity selection technology for the determination of the epitopes of Amb a 1 allergen, 
whose three-dimensional structure is unknown, and the development of a new multiplex 
method for the simultaneous analysis of multiple allergens in a BAT assay using fluorescently 
labeled allergens. This work is a contribution to the development of mimotope-based 
immunotherapy, the design of immunogenic carriers for allergens and allergen peptides, the 
mapping of B cell epitopes of allergens and the improvement of diagnostic methods for 
allergic diseases.  
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Spol Ţenski | Datum rojstva 23/10/1988 | Drţavljanstvo Bosna in Hercegovina 
DELOVNE 
IZKUŠNJE   
 
06/2019- še traja Asistentka 
Institut Joţef Stefan, Jamova 39, 1000 Ljubljana 
Vrsta dejavnosti ali sektor Odsek za biotehnologijo 
▪ Eksperimentalno delo v biotehnološkem laboratoriju 
▪ Pisanje strokovne literature 
 
09/2015- še traja Doktorska študentka 
Fakulteta za farmacijo, Aškerĉeva 7, 1000 Ljubljana 
Vrsta dejavnosti ali sektor Katedra za farmacevtsko biologijo 
▪ Eksperimentalno delo v biotehnološkem laboratoriju 
▪ Pisanje strokovne literature 
 
05/2012 –10/2014 Vodja lekarne 
 PZU Apoteke Oaza zdravlja, Dr. Mustafe Pintola, Ilidţa, 71000 Sarajevo, Bosna in Hercegovina 
 ▪ Organizacija dela v lekarni 
▪ Izvajanje lekarniške dejavnosti (izdajanje zdravil na in brez recepta, priprava magistralnih zdravil) 
▪ Izvajanje farmacevtske skrbi  
▪ Zagotavljanje strokovnega, odgovornega in kakovostnega izvajanja lekarniške dejavnosti 
▪ Naroĉanje in zagotavljanje preskrbe z zdravili in drugimi izdelki za podporo zdravljenja in ohranitev 
zdravja 
▪ Vodenje strokovne evidence mamil in druge strokovne dokumentacije 
▪ Nadzor dela farmacevtskih strokovnih delavcev 
  
07/2011 – 02/2012 Pripravništvo 
PZU Apoteke DENIDA, Josipa Vancaša 23a, 71000 Sarajevo, Bosna in Hercegovina  
▪ Priprava magistralnih zdravil 
▪ Svetovanje strankam 




USPOSABLJANJE   
 
09/2015 – še traja Podiplomski študij Biomedicine, Znanstveno podroĉje: Farmacija  
Fakulteta za farmacijo, Aškerĉeva 7, 1000 Ljubljana 
▪ Farmacevtska biotehnologija 
▪ Biokemija 





09/2006-07/2011 Magistra farmacije  
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Fakulteta za farmacijo, Univerza v Tuzli 
Univerzitetni študijski program Farmacija  
▪ Naravoslovni predmeti (fizika, kemija, matematika, biologija) 
▪ Strokovni farmacevtski predmeti 
 ▪ Diplomska naloga: Prevencija i terapija bakterijskog meningitisa = Prevention and treatment of 
bacterial meningitis. 
▪ Mentor: prof. dr. Fatima Numanović 
  
2003-2006 Jezikoslovna gimnazija  
 Gimnazija Dr. Mustafa Kamerić, Graĉanica, Bosna in Hercegovina 
 
 




PRIZNANJA   
  
dec. 2019 Nagrada Univerze v Ljubljani za najodliĉnejše raziskovalne doseţke v letu 2019  
 
dec. 2019 Dekanova nagrada Fakultete za farmacijo Univerze v Ljubljani  
 
dec. 2018 Štipendija za udeleţbo na WISC konferenci, Firence, Italija 
 
jul. 2018 Štipendija za udeleţbo na FEBS kongresu, Praga, Ĉeška 
 
maj 2018 Nagrada za najboljšo predstavitev posterja na EAACI kongresu, München, Nemĉija 
 
maj 2018 Štipendija za udeleţbo na EAACI kongresu, München, Nemĉija 
 
2016 in 2017 Štipendija za sofinanciranje doktorskega študija, Univerza v Ljubljani 
 
feb. 2012 Srebrna plaketa Univerze v Tuzli za doseţeno povpreĉno oceno 9,83 v petem letniku študija 
 
Materni jezik Bosanšĉina 
  
Drugi jeziki RAZUMEVANJE  GOVORJENJE  PISNO SPOROĈANJE  






sporoĉanje   
Anglešĉina B2 B2 B2 B2 B2 
  
Slovenšĉina C1 C1 C1 C1 C1 
  
 Stopnja: A1/2: Osnovni uporabnik - B1/2: Samostojni uporabnik - C1/2 Usposobljeni uporabnik 




▪ dobre komunikacijske spretnosti sem pridobila pri delu v lekarni (vsakodnevna komunikacija z 
uporabniki lekarniških storitev, sodelavci in zdravstvenimi delavci v zdravstvenih domovih) 
▪ sposobnost komuniciranja v veĉkulturnem okolju sem pridobila pri prostovoljnem delu 




▪ organizirala sem in koordinirala delo farmacevtskih delavcev v lekarni 
▪ sposobnost dela v timu (uspešno sem sodelovala v razliĉnih skupinah farmacevtskih delavcev v  
lekarnah) 
  
Raĉunalniška znanja ▪ dobro poznavanje programskega paketa MS Office (urejevalnik besedil, preglednic, 
predstavitev) 
▪ poznavanje programskih orodij (CorelDraw, Graphpad Prism, PyMOL, ViewerLite) 
  
Vozniško dovoljenje B kategorije 
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nov. 2010 Bronasta plaketa Univerze v Tuzli za doseţeno povpreĉno oceno 8,6 v ĉetrtem letniku študija 
  
dec. 2009 Srebrna plaketa Univerze v Tuzli za doseţeno povpreĉno oceno 9,25 v tretjem letniku študija 
 
ĈLANSTVA   
  
2018 Svetovna organizacija za alergijo (WAO) 
 
2018 Evropska akademija za alergijo in kliniĉno imunologijo (EAACI) 
 
2018 Zveza evropskih biokemijskih društev (FEBS) 
 
2018 Slovensko biokemijsko društvo (SBD 
 
2012 Komora magistara farmacije (Bosna in Hercegovina) 
 
 
LICENCE   
  
2017 Podaljšanje licence za samostojno opravljanje poklica magister farmacije, MeĊukantonalna 
farmaceutska komora) 
20.09.2015 Licenca – dovoljenje za samostojno opravljanje poklica magister farmacije, Komora magistara 
farmacije Federacije BiH  
17.02.2012 Licenca – dovoljenje za samostojno opravljanje poklica magister farmacije, MeĊukantonalna 
farmaceutska komora  
 
PROSTOVOLJNO 
DELO   
  
2001-še traja Društvo za psihosocialno pomoĉ in razvijanje prostovoljnega dela „Osmijeh“, Graĉanica, 
Bosna in Hercegovina  
 ▪ Delo z osebami z motnjami v duševnem in telesnem razvoju v dnevnih centrih in na 
tedenskih delavnicah (Skupnostni Center za otroke in mladostnike) 
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